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Abstract 
Selected enzymes involved in central nitrogen and carbon metabolism, 
including glutamate dehydrogenases, isocitrate dehydrogenase and isocitrate lyase, 
were examined in extracts of mycelia of the edible straw mushroom, Volvariella 
volvacea, grown on different carbon (glucose, acetate) and nitrogen sources 
(ammonium, L-glutamate, L-glutamine, urea, alanine) supplied at different 
concentrations. 
V. volvacea produces two L-glutamate dehydrogenases (GDH), one of 
which is NAD-dependent ^^AD-GDH) and the other NADP-dependent GN^ADP-
GDH). N A D - G D H was expressed at relatively high and constant levels under all of 
the different growth conditions tested, whereas the activity of N A D P - G D H 
appeared to be regulated by the C/N ratios of the media. Fungal mycelia growth on 
media with high C/N ratios contained relatively high levels of N A D P - G D H 
irrespective of whether glucose or acetate served as carbon source although 
enzyme activities were generally higher in glucose-grown mycelia. Conversely, 
N A D - G D H activity was generally lower in mycelia grown on media with higher 
C/N ratios. 
V. volvacea produces a NAD-dependent isocitrate dehydrogenase ONAD-
DDH) which was detectable in extracts of mycelia grown on either glucose or 
acetate as sole carbon source together with any of the five nitrogen sources 
examined. Isocitrate lyase was also detected in acetate-grown but not glucose-
grown mycelia. As observed for N A D P - G D H , NAD-E)H activity was markedly 
derepressed when the fungus was grown on media with higher C/N ratios. 
ii 
N A D - and NADP-dependent glutamate dehydrogenase activities were also 
determined in extracts of the volva, stipe and cap of mushroom fruit bodies at 
different stages of development. The two enzymes exhibited different pattern 
changes and appeared to be associated with the sporophore morphogenesis. There 
was a marked increase in N A D P - G D H activity at the elongation stage, and NADP-
G D H activity also increased about 5-fold during volva formation at the egg and 
elongation stages. 
NAD-dependent glutamate dehydrogenase from mycelia grown on 
glucose/NH4H2PO4 (HCHN) was purified 237-fold at approximately 16% yield 
after a serial of purification steps involving ion exchange, gel filtration and dye 
affinity chromatography. The native protein had a molecular weight of 
approximately 580,000 士 20,000 daltons and consisted of ten identical subunits 
each with a molecular weight of 58 kDal. V. volvacea N A D - G D H exhibited a K^, 
for a-ketoglutarate, N A D H and NH4Cl of4.13, 0.29 and 56.9mM respectively, in 
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mXRODUCTION 
1.1 Primary nitrogen metabolism in fungi 
Primary carbon and nitrogen metabolism serves both anabolic and 
catabolic functions and is essential for the life of fungi. Primary nitrogen 
metabolism in fungi has received relatively little attention compared with other 
organisms and most research has concentrated on the yeast, Saccharomyces 
cerevisiae, and two filamentous ascomycete fmgi Neurospora crassa and 
Aspergillus nidulans (Pateman & Kinghom，1976; Garraway & Evans, 1991; 
Griffm, 1994; Jennings, 1995). There are only a few reports involving 
basidiomycete fungi and these are restricted mainly to Coprinus (Moore, 1984) 
and the white button mushroom Agaricus hisporus (Baars et al., 1995b; Kersten et 
al,, 1995). 
About 60 一 70% ofthe total nitrogen of the fungal cell is protein; nitrogen 
also occurs in nucleic acids, chitin, phospholipids, vitamins and nonessential 
metabolites (Moore-Landecker, 1996). Generally, f\mgi are able to synthesize 
organic nitrogenous compounds from inorganic nitrates or nitrites which axe 
reduced to ammonia via a reduction route (Figure 1.1). Certain L-amino acids also 
serve as good nitrogen sources. L-Glutamate and L-aspartate were reported to be 
the natural nitrogen sources preferred by the mushroom, Pleurotus ostreatus 
(Mikes et aL, 1994). A wide variety of organic nitrogen sources can be degraded 
to simple essential compounds by catabolic enzymes excreted by flmgi. Such 
enzymes including extracellular proteinases from A. hisporus were found to be 
associated with sporophore growth (Burton et aL, 1997). Proteinase production by 
Coprinus cinereus and Volvariella volvacea grown in defined liquid media was 
1 
also reported by Kalisz & Moore (1986). The biochemistry of proteinases from 
eukaryotic organisms was reviewed by North (1982). 
Nitrogen anabolism is the formation of the essential monomers for protein 
and nucleic acid biosynthesis beginning with ammonium present either as a nutrient 
or formed from the nitrogen of different nitrogen sources available to the fungi. 
The current ideas for cellular nitrogen metabolism are summarized in Figurel.2. 
Since ammonium is a key nutrient involved in both catabolism and 
anabolism and plays a significant role in primary nitrogen metabolism, the 
assimilation systems for ammonium and their regulation have been widely studied. 
NADPH NADP NADPH NADP 
V Mo, Fe/ V Ca, Fe少 
N 〇 , ^ y ^ NO2- ^ y ^ [NOH?] 
Nitrate Nitrite 
reductase reductase 
Hydroxyiamine ^ ^  
reductase 
~ N H ? ~ ~ ~ ^ ~ " , �~ ~ " NH2OH 
^ V^Mg, M n 、 
Urea ^--^^^ NADP NADPH 
Figure 1.1 Reduction of simple inorganic compounds (Garraway & Evans, 
1991). 
2 
Nitrogen source  
Organic Inorganic 
nitrogen nitrogen 
^ ^ ^ ' x ' - z ^ 
Degradative processes 
yield products that can be transported 
Cellular membrane • • 麵 • 漏 誦 麵 画 蘭 園 • 蘭 薦 漏 • • 画 爾 • 誦 麗 雇 画 麗 蘭 重 TVansport processs 
1 r 
A m m o n i u m ^  
a-KG + NAD(P)H • \ glutamate + ATP 
NAD(P)-GDH ^ ^ / \ 广 G S / G O G A T 
_ _ ^ _ _ jGDH Gs\^^ _ _ ^ _ _ 
NAD(P) -^"""""^^ \ ^ A D P 
/ glutamate a-KG \ 
/ +NAD 嶋 丁 + N A D H \ 
Glutamate ^ ^ ^ ^ 乂 — — ^ Glutamine c 
T / ^ ^ ) 
Nitrogen \ p 
Vstorage i ^ 
/ amidation 
亨 • ~ 乂 T 
A 
^ Y  
Cellular nitrogen  
Figure 1.2 Flow diagram of nitrogen metabolism in fangi. Abbreviations: a-
K G , a-ketoglutarate; NAD(P)H, N A D H and N A D P H ; G D H , glutamate 
dehydrogenase; GS, glutamine synthetase; G O G A T , glutamate synthase (Mora， 
1990). 
3 
1.1.1 Ammonium assimilation 
Ammonium assimilation is believed to play a central role in the nitrogen 
metabolism of several yeasts and fungi (Baars et al., 1994; Genetet et al., 1984; 
Holmes et al., 1989; Kusnan et al., 1987; Mora, 1990). There are two systems 
which incorporate inorganic ammonium into the amino acid glutamate (Figure 
1.2). One is the G D H route catalyzed by glutamate dehydrogenase (GDH) 
(reaction [1]). The other is the G S / G O G A T route which includes the coupling of 
sequential reactions catalyzed by glutamine synthetase (GS; E C 6.3.1.2) and 
glutamate synthase (GOGAT; E C 1.4.7.1) (reactions [2] and [3], respectively). 
The net result of both routes is the same, though the latter forms an intermediate 
glutamine and requires energy. The reactions are as follows: 
NH4+ + a-ketoglutarate + NAD(P)H ^ glutamate + NAD(P)+ (1) 
Glutamate + NH4+ + A T P ~> glutamine + A D P + Pi (2) 
Glutamine + a-ketoglutarate + NAD(P)H ^ 2 glutamate + NAD(P) + (3) 
Glutamate dehydrogenases. L-Glutamate dehydrogenases catalyze the 
reversible oxidative deamination of L-glutamate to a-ketoglutarate and ammonia. 
There are three kinds of glutamate dehydrogenases classified according to the 
different cofactors involved in the reactions. N A D - G D H (EC 1.4.1.2) is cofactor 
specific for N A D , N A D P - G D H (EC 1.4.1.4) is specific for N A D P , and the third 
type of G D H , called dual coenzyme-specific G D H (EC 1.4.1.3)，can use either 
cofactor (Hudson & Daniel, 1993). 
In a review of the distribution and properties of G D H in more than 40 
species of fungi, it was concluded that the lower fungi of the class Myxomycetes 
and Phycomycetes possess only N A D - G D H , while both N A D - G D H and NADP-
4 
G D H were produced in the higher fungi, Deuteromycetes, Ascomycetes and 
Basidiomycetes (LeJohn, 1971). 
It is usually believed that N A D P - G D H plays an anabolic role for 
assimilating ammonium whereas N A D - G D H is responsible for the catabolic 
glutamate-degrading reaction (Pateman & Kinghom, 1976; Marzluf, 1981; Miller 
& Magasanik，1990). Furthermore, in addition to the normally ascribed role in 
ammonium assimilation, glutamate dehydrogenases in many fungi appeared to 
serve special physiological functions. It has been suggested that N A D P - G D H 
involved in developmental phenomena in C. cinerus, with differences in N A D P -
G D H activity in the cap and stipe associated with sporophore development 
(Stewart & Moore, 1974). Glutamate dehydrogenase activity was also found to be 
associated with the maturity of conidia in N. crassa (Tuveson et al., 1967). 
Glutamate dehydrogenases had been purified and characterized from many 
fungi (Baais et al., 1995e; Smith et al, 1975; Yang & L6John, 1994). Both N A D -
and N A D P - glutamate dehydrogenases are multi-component enzymes which 
exhibit considerable variation with respect to the number of subunits and 
molecular weight according to fungal species. A review by Hudson & Daniel 
(1993) reported that glutamate dehydrogenases in fmgi were usually hexameric. 
Table 1.1 summarizes the molecular weights of glutamate dehydrogenases in 
various fungi which have been studied. The KmS (true or apparent) of glutamate 
dehydrogenases from a variety of sources for a-ketoglutarate, N A D P + and 
N A D P H are quite similar, while Km values for glutamate, ammonia and N A D H 














































































































































































































































































































































































































































































































The structural gene for N A D P - G D H has been identified in Neurospora 
(am), Aspergillus (gdhA), various yeasts (gdhA) and A. bisporus {gdhA) (Marzulf, 
1981; Schaap et al., 1996). The structural gene for N A D - G D H was identified as 
gdhB (unlinked to gdhA) in S. cerevisiae and Aspergillus (Mackay & Pateman, 
1980; ter Schure et al., 1995). Mutations of these genes and control genes 
encoding for regulatory proteins have been investigated in studies of glutamate 
dehydrogenase regulation (Calder6n & Martinez, 1993; Kinghom & Pateman, 
1973). 
Glutamine synthetase, Glutamine synthetase (GS), a key enzyme in 
nitrogen metabolism, catalyzes the irreversible reaction that incorporates 
ammonium into glutamine. Glutamine is an essential amino acid, an amino donor 
for protein synthesis, and plays a central role in nitrogen metabolism through its 
conversion to glutamate. G S is also suggested to function as a regulatory 
macromolecule iniV. crassa (Dunn-Coleman & Garrett, 1980). 
Glutamine synthetases have been studied most extensively in N. crassa. 
The enzyme in N. crassa has two different subunits (GSa and GSP), which are 
encoded by separate genes, expressing different catalytic properties (MarzIuf, 
1981). GSP is synthesized when excess nitrogen source is present while G S a is 
produced in ammonium-limited cultures (Lara et aL, 1982). The native glutamine 
synthetase purified from Dictyostelium discoideum appeared to be a GS-II type 
(GSp) enzyme and the properties of the enzyme indicated its primary flmction to 
be ammonia assimilation (Dunbar & Whddrake, 1997). The native enzyme in A. 
bisporus also appeared to be a GS-II type (Baars et al., 1995a), the gene encoding 
for glutamine synthetase {glnA) was isolated from an A. bisporus H39 
7 
recombinant X phage library and gene expression was post-transcriptionally 
regulated by nitrogen sources (Kersten et al., 1997). 
Glutamate synthase. The amino group of glutamine is further 
metabolized and incorporated into glutamate via the glutamate synthase ( G O G A T ) 
reaction. G O G A T catalyzes the reversible direction of the reaction and is 
important for recycling of glutamine. However, coupling of the G S and G O G A T 
reactions provides an ahnost irreversible route for ammonia assimilation and the 
relatively higher affinity of G S for ammonium compared with the high Km of 
G D H allows this route to operate at limited ammonium concentration (Schwartz et 
al., 1991). 
A GOGAT-negative mutant strain {en-am-2) with an altered structural 
gene accumulates large amounts of glutamine in ammonium-limited chemostat-
grown cultures thereby proving that G O G A T contributes to glutamate synthesis. 
Under conditions of excess ammonium, the G O G A T negative mutant contained 
slightly lowered glutamate pools and increased glutamine pools, resulting in GS 
repression. This suggests that part of the function of G O G A T is to return to 
glutamate some of the nitrogen incorporated into glutamine by the G D H - G S 
ammonium assimilation systems (Lomnitz et al., 1987). 
1.1.2 Regulation of ammonium assimilating enzymes 
Regulation of NAD-GDH & NADP-GDK Observations on two single 
gene mutants of N. crassa led Fincham to propose that each cofactor specific 
glutamate dehydrogenase is encoded by a single gene, and the deficiency of a 
single enzyme is caused by the mutation of a single gene. Later, it was suggested 
8 
that the two glutamate dehydrogenases were concurrently regulated by the 
concentration of a single molecule in association with the products of one or two 
regulator genes (Casselton, 1969). The regulatory mechanisms for these two 
glutamate dehydrogenases are still not very clear since complicated phenomena 
were observed in different fungi. 
It is well-documented that glutamate dehydrogenase activities in fungi are 
affected by media supplementation with different nitrogen sources and different 
nutrient nitrogen concentrations (Sanwal & Lata, 1962; Falwole & Casselton， 
1972; Baars et aL, 1994). Stachow & Sanwal (1967) suggested that ammonium 
itself was the regulator which caused the induction of N A D - G D H and the 
repression of N A D P - G D H observed in Neurospora. However, different results 
were obtained with Saccharomyces. Neither glutamate nor ammonium appeared to 
regulate directly the synthesis of either N A D - G D H or N A D P - G D H in Coprinus 
lagopus, but some evidence showed a-ketoglutarate repressed the activity of 
N A D - G D H and derepressed N A D P - G D H (Fawole & Casselton, 1972). A 
summary of these results is shown in Table 1.2. As Barratt (1963) wrote, the 
regulatory systems “may be complex and elusive". 
9 
Table 1.2 Summary of different proposals for the regulation of glutamate 
dehydrogenase synthesis in fungi. 
Yeasts Neurospora Basidiomycetes 
N A D - G D H Repressed by Liduced by Repressed by a-
ammonium ammonium ketoglutarate {Coprinus) 
{Saccharomyces) 
N A D P - G D H Repressed by Repressed by Repressed by ammonium 
amino acid pool amino acid pool {Schizophyllum) 
(Candida) (and ammonium?) Liduced by a-ketoglutarate 
{Coprinus) 
Regulation of GDH and GS/GOGAT routes. The route adopted for 
ammonium assimilation appears to depend both on the organism and on the 
growth conditions. It is reported that N A D P - G D H was the primary system for 
ammonium assimilation in S. cerevisiae (Wiame et al., 1985). Growth of S. 
cerevisiae on ammonia alone is not sufficient to cause repression of GLN1 
(structural gene for GS) transcription. Moreover, the regulation of both NADP-
G D H and GS activity is not an on/off switch, but is gradually modulated in 
correlation with the ammonia concentration (ter Schure et al., 1995). Studies on 
N. crassa suggest that N A D P - G D H and GS operate in ammonia assimilation 
when the concentration of ammonia is high (Hemandez et al., 1983), while the 
G S / G O G A T route functions mainly at low extemal ammonia concentrations (Lara 
et al., 1982; Lomnitz et aL, 1987). Concurrent operation of N A D P - G D H and the 
G S / G O G A T pathway was found in Aspergillus nidulans (Kusnan et al., 1987). hi 
A. bisporus, ^^N-NMR data clearly indicated ammonium assimilation was mainly 
catalyzed by the G S / G O G A T route fBaars et al., 1995d), and highest activities of 
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GS, N A D - G D H and N A D P - G D H were demonstrated in mycelia grown on 
glutamate as the nitrogen source while lowest values were found in mycelia grown 
on ammonia or glutamine (Baars et al,, 1994). 
The regulation of ammonium assimilation systems in fungi remains 
confused. However, the enzymes involved are nitrogen-regulated, and the 
regulation is probably associated with the expression of the structural genes. 
1.2 Relevant central carbon metabolism in fungi 
Primary nitrogen metabolism is closely linked to central carbon 
metabolism. The key pathway catalyzed by glutamate dehydrogenase occupies a 
pivotal position in metabolism by connecting nitrogen and central carbon 
metabolism with the interconversion of a-ketoglutarate and glutamate (Figure 
1.3). a-Ketoglutarate is one of the components in the T C A cycle which has been 
shown to be present in representative fungi belonging to all the major taxonomic 
classes CMiederpmem, 1965). Li addition to the T C A cycle, both the glyoxylate 
cycle and the G A B A shunt are also associated with nitrogen metabolism. 
1.2.1 Glyoxylate cycle and isocitrate metabolism 
Glyoxylate cycle. Fungi can utilize a wide variety of compounds as sole 
carbon source. When acetate and lipid function as precursors into the T C A cycle, 
the two carbons from acetyl-CoA are lost as CO2 during passing through the T C A 
cycle. The presence of the glyoxylate cycle as an anaplerotic pathway allows the 
net conversion of acetate to oxaloacetate and enables the cell to utilize these 
carbon sources (Figure 1.4). The glyoxylate cycle includes two important 
enzymes: isocitrate lyase and malate synthase, which convert isocitrate to malate 
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in a two-step shortcut. As with the T C A cycle, glyoxylate cycle enzymes in ftmgi 
are subject to regulation by the carbon source supplied in the culture medium 
(Casselton, 1976; Garraway and Evans, 1991). 
Isocitrate metabolisnu Isocitrate is a crucial intermediate, standing at the 
branch point between the glyoxylate and T C A cycles (Figure 1.4). Isocitrate 
dehydrogenase and isocitrate lyase function in the T C A cycle and glyoxylate 
cycle, respectively. The reactions (reaction [1] and [2]) catalyzed by them are as 
follows: 
Isocitrate + NAD(P) — a-ketoglutarate + CO2 +NAD(P)H [1] 
Isocitrate ~> succinate + glyoxylate [2] 
Isocitrate dehydrogenases (IDH) catalyze the oxidative decarboxylation of 
isocitrate to a-ketoglutarate. They can be classified as NAD-IDH (EC 1.1.1.41) or 
NADP-IDH (EC 1.1.1.42). Multiple isozymes of IDH that vary in subcellular 
localization, regulation, subunit structure and cofactor specificity are present in 
eukaryotic cells. Three distinct IDH isozymes were found in the w-alkane-
assimilating yeast, Candida tropicalis: the mitochondrial NAD-E)H, and N A D P -
EDH localized in both mitochondria and peroxisomes (Kawachi et al., 1997). 
Isocitrate also undergoes an aldol cleavage to succinate and glyoxylate 
catalyzed by isocitrate lyase. Isocitrate lyase is under a double mechanism of 
catabolite control, glucose repression and glucose inactivation (De Lucas et al., 
1994). Isocitrate lyase was purified from Aspergillus nidulans for studying 
catabolite inactivation (De Lucas, et al, 1997) 
Laactivation of isocitrate dehydrogenase in the T C A cycle shunts isocitrate 
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Figure 1.4 Glyoxylate cycle and GABA shunt in metabolism. 
Abbreviations: G A B A , y-Aminobutyrate; PEP, Phosphoenolpyruvate; Ei, 
Isocitrate lyase; E2, Malate synthase; E3, Isocitrate dehydrogenase; E4, 
Glutamate decarboxylase; E5, Glutamate-y-Aminobutyrate transaminase; Ee, 
a-Ketoglutarate dehydrogenase. 
14 
same intermediates of the glycolytic and citric acid cycles that lead to activation of 
isocitrate dehydrogenase are allosteric inhibitors of isocitrate lyase (Lehninger et 
aL, 1993). 
1.2.2 GABA shunt 
y-Aminobutyrate (GABA) and the G A B A shunt enzymes are present in a 
number of microorganisms (Yonaha & Toyama, 1980). G A B A shunt enzymes 
include L-glutamate decarboxylase (EC 4.1.1.15) catalyzing the release of CO2 
and formation of G A B A , y-aminobutyrate: a-ketoglutarate aminotransferase (EC 
2.6.2.19) and succinic semialdehyde dehydrogenase (EC 1.2.1.16) (Figure 1.4) 
(Cooper, 1985). 
Li A. bisporus, the T C A cycle appears to be blocked at a-ketoglutarate 
dehydrogenase and the G A B A shunt is used to replace part of T C A cycle and 
produce succinate (Hammond & Wood, 1985). This shunt was also found in the 
fhait body of C. cinereus (Moore & £waze, 1976). 
1.3 Relationship between nitrogen metabolism and fungi morphogenesis 
Nitrogen metabolism is indispensable for the life cycle of fungi and 
regulation of nitrogen metabolism seems to be an important trigger in fungal 
morphogenesis and especially in mushroom fruiting. 
Links between nitrogen metabolism and the regulation of sporogenesis in 
S. cerevisiae have been studied extensively. Ammonia and glutamine inhibit R N A 
and protein synthesis (Durieu-Trautmann & Delavier-Khitchko, 1977; Croes et 
aL’ 1978). D N A replication is arrested after initiation and continued incubation in 
the presence of ammonium ions leads to massive D N A degradation in the 
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premeiotic D N A synthesis stage during sporulation (Pinon, 1977). Differences in 
the activities of G S and G O G A T were found in sporulating dJa and non-
sporulating a/a cells of S. cerevisiae, and G S and glutamine were reported to be 
important in the sporulation process (Delavier-Klutchko et al., 1980). During 
germination of conidia in N. crassa, a decrease in the activity of N A D P - G D H to 
negligible values was accompanied by a significant increase in N A D - G D H 
activity (Tuveson et al., 1967). 
Sporophore development, especially cap morphogenesis, in the model 
basidiomycete fungus C. cinereus, is reported to be associated with amplification 
of enzyme activities involved in the urea and T C A cycles (Moore, 1984). The 
activities of succinate dehydrogenase, GS, ornithine acetyltransferase and 
ornithine carbamoyl-transferase exhibited similar patterns to N A D P - G D H , and 
were considerably derepressed in the developing caps while remaining at low 
levels in the stipe (Ewaze et aL, 1978; Moore, 1984). Urease activity was absent 
in the cap, but present in the stipe and in the vegetative mycelium. It was proposed 
that urea is one of a number of metabolites which function as osmotic solutes, 
driving water influx into the developing cap tissue thereby assisting in cap 
expansion. 
The detailed model for fruit body development described for C. cinereus and 
the proposed roles o f N A D - G D H and N A D P - G D H in cap and stipe development, 
do not apply to all Agaricales (Moore & Al-Gharawi，1976). However, changes in 
nitrogen metabolism appear to be significant events which trigger the 
development of the mushroom fruit body, and are the subject of continuing 
research. 
16 
1.4 General background of Volvariella volvacea 
The edible straw mushroom or Chinese mushroom, Volvariella volvacea, 
belongs to family Pluteaceae of the Basidiomycetes. It is a high temperature 
cultivated mushroom indigenous to the tropics and subtropics, which was 
cultivated in China as early as 1822 (Chang & Miles, 1989). Annual production of 
V. volvacea was about 30 million kg in 1994, which ranked the mushroom fifth in 
terms of world production of the cultivated edible mushrooms. Production of V. 
volvacea increased 44% between 1990 to 1994 (Chang, 1996). 
V. volvacea is rich in crude protein and N-free carbohydrates, moderate in 
crude fibre and ash, and low in fat content. It is also a good source of minerals and 
vitamins (Li & Chang, 1982). V. volvacea is also reported to possess medicinal 
properties which include the lowering of blood pressure and the accelerated 1 
( 
healing of wounds (Chang & Buswell, 1996). More recently, a new fungal 丨 
i 
immunomodulatory protein called Fip-vvo was isolated from this mushroom by | 
) 
/ 
Hsu et al. (1997). Furthermore, V. volvacea plays an important role in 
environmental protection, since its cultivation results in the bioconversion of many 
types oflignocellulosic wastes (Buswell et al., 1993). 
Cultivation, V. volvacea is now produced mainly in China, Thailand, 
Indonesia, Vietnam and Taiwan, with China the top producer (Chang, 1993). V. 
volvacea can be cultured on various waste materials including paddy straw, cotton 
waste, water hyacinth, oil palm bunch, oil palm pericarp waste, banana leaves, 
sawdust and sugarcane bagasse (Chang, 1982). V. volvacea produces cellulases 
and hemicellulases for converting the polymeric components of these growth 
17 
substrates into low molecular weight nutrients for fungal growth (Wang, 1982; Cai 
etal., 1994; Buswell et al., 1996). 
Life cycle, V. volvacea is similar to other basidiomycetes and its growth 
cycle can be divided into vegetative and reproductive stages. Mycelia derive from 
haploid basidiospores that are liberated from the basidiocarp. Vegetative mycelial 
growth provides the nutrients, and the dikaryotic mycelia develop from 
anastomosis between different types of hyphae. The dikaryotic mycelia are better 
qualified than homokaryotic mycelia to develop basidiocarps. The basidiocarp 
generates from the interwoven hyphae and first has the shape of a pinhead. It then 
develops through the button, egg, and elongation stages until it reaches maturity. 
In the basidium, each nucleus from meiotic division migrates into a developing 
basidiospore, and the mature basidiospores are shed when the cap expands during 
maturity (Figure 1.5). The reproductive stage involves the development of 
basidiocarps (fruit bodies) and the maturity of the basidiospores (detail description 
in Table 2.1) (Chang, 1972; Chang & Miles, 1989). 
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Figure 1.5 Life cycle of Volvariella volvacea. Abbreviations: an, anastomosis of 
monosporous hyphae; b,s, button stage; ch, chlamydospore; e.s, egg stage; el.s, 
elongation stage; f.n, fusion nucleus; ger, germ tube; n, nucleus; lN, haploid 
nucleus; 2N, diploid nucleus; p, pileus (cap); p.m, primary mycelium . 
(homokaryotic mycelium); p.s, pinhead stage; s, stipe; s.c, swollen cell; sp, spore; 
st, stigma; su.c supporting cell; t.b, tiny button; v, volva (Chang, 1972). 
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Previous studies. Only a few basic physiological studies have been 
conducted on V. volvacea. Previous research has defined various nutritional 
(including carbon, nitrogen, vitamins and minerals) and environmental 
requirements O^urtzman & Chang-Ho, 1982). V. volvacea grows best on glucose 
or starch as carbon source, and highest biomass yields are observed on media 
containing peptone and potassium nitrite among various nitrogen sources (Ofosu-
Asiedu et al,, 1984). Lignin-related phenolic compounds and tannin derivatives 
were reported to inhibit the growth of V, volvacea (Cai et aL, 1993). Spore 
patterns in the basidium of V. volvacea were described by Li & Chang (1991). 
Recently, the molecular biology of V. volvacea has attracted much interest 
and several molecular markers were generated by P C R (Chen，1994). Interspecific 
hybridization between V. volvacea and V. homhycina has also been studied using 
the protoplast fusion technique (Zhao & Chang, 1997). 
Despite its economical importance, there are major problems associated 
with the cultivation of V. volvacea including the absence of sequential fruit body 
"flushes", and relative low yields. The studies on C. dnereus and A. bisporus have 
illustrated the importance of nitrogen metabolism, especially ammonium 
assimilation systems on mycelial growth and fmit body development. Compared 
with other cultivated mushrooms, there is a lack of basic knowledge concerning 
the biochemistry of these systems in V. volvacea. 
1.5 Objectives of the study 
The objectives of this study are as follows: 
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(1) To assess the effect of different nutrient nitrogen sources and 
concentrations on mycelial growth. 
(2) To determine the levels of selected enzymes, i.e. N A D - G D H , 
N A D P - G D H , isocitrate dehydrogenase and isocitrate lyase, involved in central 
nitrogen and carbon metabolism in vegetative mycelia grown on different carbon 
and nitrogen sources supplied at different concentrations. 
(3) To investigate N A D - and NADP-dependent glutamate 
dehydrogenase activities during mycelial growth and fruit body development; and 
to evaluate the function(s) of these enzymes in the regulation of the vegetative and 
reproductive growth phases of V. volvacea. 
(4) To partially purify N A D - G D H and to determine various physio-
chemical and kinetic characteristics. 
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MATERIALS AND METHODS 
2.1 Organism 
Volvariella volvacea, strain V14，was obtained from the Department of 
Biology Collection at the Chinese University of Hong Kong, and maintained at 
room temperature on potato dextrose agar (PDA) (Difco) slants with periodic 
transfer. 
2.2 Growth media 
2.2.1 Basal medium 





Yeast extract O.lg 
Thiamine.HCl 2.5mg 
Trace eleme iit solution 1. 0ml 







The p H was adjusted to 6.5 with 2 M K O H and the medium sterilized by 
autoclaving at 121°C for 20min. Thiamine.HCl was sterilized separately by 
filtration (Disposable Filter Holder, pore size 0.22^im, Schleicher & Schuell) and 
added to the basal medium after autoclaving. Carbon and nitrogen sources were 
added as indicated for individual experiments. 
2.2.2 Solid-state cultivation 
To prepare small-scale cotton waste composts, 30 g of cotton waste (dry 
weight) was mixed with 0.3 g of lime and 60 ml distilled water and placed into a 
plastic bag to make small column-shaped compost (diameter, 6 cm; height, 6 cm). 
A stainless-steel ring was attached to each bag as a bottleneck, and then the bags 
were stoppered with paper stoppers and autoclaved at 121°C for 1 hour. After 
cooling, the composts were inoculated with pieces of mycelial agar (2 x 2 cm) 
from the upper layer of the inoculum plates and incubated at 32°C for 12 days. For 
fruit body formation, the composts were then transferred to a chamber under both 
humidity and temperature control (85% room humidity, 30。C) with alternate 
illumination (400 luxes) and dark mimicking natural day and night. The bags were 
removed for better aeration on day 15. To prepare inocula for compost 
inoculation, double-layer P D A plates (15 ml in the lower layer, 10 ml in the upper 
later) were inoculated by transferring mycelia from the slant stock and inoculated 
at 32°C for 7 days. 
Fruit body development of V. volvacea was divided into six different stages 
(Table 2.1): pinhead, tiny button, button, egg, elongation and mature stages 
(Chang & Miles, 1989). The mature fruit body is composed of three portions: the 
volva, the cap or pileus and the stipe or stalk. Fruit bodies at pinhead stage were 
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neglected because they were too small to be analysed, and since the cap and stipe 
at the tiny button stage were very minute, both portions were combined with the 
volva and studied as a whole. As described in Table 2.1，the universal veil in button 
and egg stages was investigated as the volva. The classification of fruit bodies at 
different developmental stages roughly depended on their size, shape and wet 
weight. Fruit bodies were harvested at different stages, which included tiny button, 
small and middle button, big button, egg, elongation and mature stages (Figure 
2.1), then separated into three parts: volva, cap and stipe, measured and weighed 
and finally stored at -20°C. 
_ _ 
^ ^ ^ ^ ^ H n | ^ ^ ^ ^ ^ ^ ^ ^ ^ | ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H ,|||.iWW^!^ 
1 2 3 4 5 6 
Figure 2.1 Different developmental stages of fruit bodies of V. volvacea. 
Different stages: 1 tiny button，2 middle button, 3 big button, 4 egg, 5 elongation, 
6 mature stage. 
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Table 2.1 Developmental stages of Volvariella volvacea fruit bodies (Chang & 
Miles, 1989). 
Stage Description 
Name is from its size of a pinhead, the universal veil is spotlessly 
Pinhead white. Cap and stipe cannot be seen with a vertical section. The 
whole structure is a tiny knot ofhyphal cells. 
Tiny round shape sporophores are about 3-6 m m in height and 2.5-
6.5 m m in biggest diameter. The universal veil is thick and 
Tiny button occupies biggest portion of the entire structure, with tiny cap and 
no separate stipe. It is too small to be divided into separate cap and 
stipe. 
Fruit body in button stage is ovoid in shape. Universal veil is 
Button developing and has heavier wet weight than cap and stipe, which 
(Including small- are small and are developing relatively slowly. Small and middle 
middle button and size button is about 9.5-lOmm at the biggest diameter and the stipe 
big button) is about 10.5-15mm in height. Big button is about 9.5-12mm in 
diameter and stipe is about 18.5-22mm in height. 
Fruit body is also ovoid in shape. The cap is pushed out of the veil, 
which remains to form the volva, and cap has the heaviest wet 
Egg weight among the three portions. Under the microscope, the 
lamellae of the egg stage do not bear basidiospores. The stipe is 
about 25-30 nun in height and still hidden which can be seen by 
vertical section. The volva begins shrinking and has a lower wet 
weight. 
Fruit body has the shape of an unopened umbrella. The 
characteristic of this stage is the quick elongation of stipe, stipe 
Elongation elongates to about 80-95mm in height. The cap is not open, and is 
continuously developing and begins to form the basidiospores. The 
volva shrinks continuously. 
Mature fruit body has the shape of an opened umbrella. The whole 
structure is divided into cap, stipe and volva. The volva becomes a 
Mature thin sheet of interwoven hyphae around the bulbous base of stipe. 
The stipe is about as long as it is in elongation stage. The cap is 
open and bears basidiospores that become more dark brown-pink in 
colour. 
25 
2.3 Effect of different nitrogen sources on the mycelial growth of V, volvacea 
in submerged culture 
In this experiment, a modified basal medium containing KH2PO4>^2HPO4 
(1.0/0.4, g/litre) and adjusted to pH 6.0 was used, and other conditions were the 
same as those shown in section 2.2.1. Glucose (1%, w/v, i.e. 56 m M ) was used as 
carbon source and was sterilized by autoclaving (121。C/20mins) separately as an 
aqueous solution. The different nitrogen sources used were: NH4H2PO4, KNO3, 
allantoin, alanine, arginine, asparagine, aspartate, cysteine, glucosamine, glutamate, 
glutamine, glycine, phenylalanine, proline, thymine, urea, and uric acid. The final 
nitrogen concentration was 26 m M - N and medium without added nitrogen served 
as control. Cultures (50 ml in 250 ml Erlenmeyer flasks) were inoculated with a 
suspension of homogenized fungal mycelium (1 ml) prepared as follows. V. 
volvacea was grown on P D B (200 ml in llitre flasks) for 8-10 days at 32。C in 
stationary culture. After decanting the culture fluid, the fungal mycelia were , 
washed with 300 ml sterile distilled water, transferred to a sterile blender cup 
(Warning) containing 60 ml sterile distilled water, and homogenized at full power 
for 3 X 5 seconds. Culture was statically incubated at 32°C for 6 days without 
agitation and fungal biomass and the final pH were determined. Fungal biomass 
was estimated on the basis of dry weight determinations following initial washing 
of mycelia with distilled water and drying at 50°C for 24 hours. 
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2.4 Effect of different carbon and nitrogen sources and concentrations on the 
production of selected enzymes involving in central carbon and nitrogen 
metabolism 
Glucose or acetate was used as sole carbon source at concentrations of 56 
m M (high-carbon) and 5.6 m M (low-carbon), respectively. The nitrogen sources 
selected were NH4H2PO4, alanine, glutamate, glutamine and urea, and were added 
to final concentrations of 26 m M - N (high-nitrogen) and 2.6 m M - N (low-
nitrogen). NH4H2PO4 was autoclaved together with basal medium, while other 
nitrogen sources and acetate were filter-sterilized and were then added to 
sterilized basal medium. For each combination of carbon and nitrogen source 
selected, four different concentration combinations were used. There were: high 
carbon-high nitrogen (HCHN), high carbon-low nitrogen (HCLN), low carbon-
high nitrogen (LCHN) and low carbon-low nitrogen (LCLN). The C/N ratios of 
different conditions are shown in Table 2.1. Cultures were grown in lL flasks 
containing growth medium (100 ml) for 6 days at 32°C under stationary 
conditions. 
Table 2.2 The C7N ratios of different conditions. 
C/N ratio glucose acetate 
LCLj^ J ^ 4 3 
L C H N 1.29 0.4 
H C L N 129 43 
H C H N 12.9 4.3 
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2.5 Enzyme extraction 
Fungal mycelia from 6-day old cultures were harvested by filtering through 
cheesecloth, washed with distilled water and, after gently squeezing out extra 
liquid stored at -20。C until use. Mycelium or fruit body (lg) was ground in a 
mortar and pestle with liquid nitrogen, then extraction buffer (2 ml) was added. 
After further grinding, the thawed homogenate was centrifuged at 14,000 rpm for 
30 minutes and the supernatant was recovered as crude extract (CE) for enzyme 
assays. Extraction buffer consisted of potassium phosphate buffer (100 m M , 
pH7.0), D T T (1 mM), P M S F (0.1 m M ) and glycerol (20%, v/v). 
2.6 Enzyme assays 
2.6.1 NAD-dependent glutamate dehydrogenase 
NAD-dependent glutamate dehydrogenase fNAD-GDH) was assayed as 
I 
reductive amination by measuring the decrease in absorbance at 340nm due to the 
oxidation o f N A D H . The assay mixture (total volume 3 ml) consisted of Tris-HCl j 
i 
buffer (O.lM, pH8.3), a-ketoglutarate (3.33 mM), N A D H (0.25 mM), NH4Cl (25 
m M ) and protein sample (Baars et aI., 1994). NH4Cl was added to initiate the 
reaction. The reaction mixture was maintained at 55°C for 5 minutes in a quartz 
cuvette and the absorbance was read serially by using a spectronic 3000 
spectrophotometer (Milton Roy) or U-3210 spectrophotometer (Hitachi). N A D H 
was freshly prepared for every batch of assays. To measure the initial velocity of 
the enzyme reaction at temperatures above 55°C, enzyme concentration in reaction 
mixture was adjusted between 10-60 p.gy'ml in order to avoid a rapid drop in 
substrate concentration. One unit of enzyme activity (U) was defined as the 
amount of enzyme oxidizing 1 ^ mol N A D H to N A D per minute under the assay 
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conditions. The specific activities (Sp. Act.) of the enzymes were expressed as the 
units of enzyme activity per mg protein (U/mg protein). The molecular extinction 
coefficient (8340) o f N A D H and N A D P H was 6200 L.mor\cm'\ 
2.6.2 NADP-dependent glutamate dehydrogenase 
Reaction mixtures (total volume 3 ml) for the assay of NADP-dependent 
glutamate dehydrogenase (NADP-GDH) contained Tris-HCl buffer (O.lM, 
pH7.5), a-ketoglutarate (3.33 mM), N A D P H (0.25 mM), NH4Cl (25 m M ) and 
protein sample (Baars et al., 1994). The assay procedure was the same as that used 
for assaying N A D - G D H except that reaction mixtures were maintained at 37°C. 
One unit of enzyme activity was defined as the amount of enzyme converting 1 
^imol N A D P H to N A D P per minute under the assay conditions. 
I 
i 
2.6.3 NAD-dependent isocitrate dehydrogenase 
I 
The reaction mixture for assaying NAD-dependent isocitrate dehydrogenase | 
I： 
OSFAD-EDH) activity contained M O P S / N a O H buffer (50 m M , pH7.5), MgCl2 (5 
mM), A D P (0.25 mM), N A D (0.75 mM), DL-isocitrate (2.5 m M ) and protein 
sample in a final volume of 2 ml (Kornberg & Pricer, 1951). The assay was 
initiated by adding DL-isocitrate and the reaction mixture incubated for 5min at 
40。C. Enzyme activity was determined by measuring the increase in optical density 
at 340nm resulting from the reduction o f N A D . One unit of enzyme activity was 
defined as the amount of enzyme catalyzing the production of 1 ^ imol N A D H per 
minute under the assay conditions. 
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2.6.4 Isocitrate lyase 
Reaction mixture (total volume 2 ml) contained M O P S / N a O H buffer (50 
m M , pH7.3), MgCl2 (5 mM), E D T A (1 mM), phenylhydrazine.HCl (VJNE, 4 mM), 
DL-isocitrate (5 m M ) and protein sample (Dixon & Kornberg, 1959). The reaction 
was initiated by addition of DL-isocitrate. Enzyme activity was determined by 
measuring of the rate of increase in optical density at 334nm resulting from the 
formation of glyoxylic acid phenylhydrazone (PONE). The value of S334 for 
glyoxylate acid phenylhydrazone is 1.7 x lO^L.mor\cm'\ 
2.7 Protein determination 
Protein concentration was determined with the dye-binding assay based on 
the method ofBradford (1976) using the Protein Determination Kit II (Bio-Rad). 
The absorbance for an acidic solution of Coomassie Brilliant Blue G-250 shifted 
from 465nm to 595nm when dye bound to proteins. Both standard and microassay 
procedures were adopted. 
The standard procedure was as follows: 50 i^l protein solution 
(concentration between 0.2 and 0.8 mgy^ml) was mixed with 2.5 ml diluted dye 
regent (1 part Dye Reagent Concentrate with 4 parts ultra pure water), which had 
been filtered through Whatman #1 filter paper. After incubating at room 
temperature (at least 5 minutes but no more than 1 hour), the absorbance at 595nm 
was measured and the amount of protein was determined from a standard curve 
prepared using B S A as standard. 
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For the microassay procedure, protein solution (1.2-10.0 ^g/ml, 800 pi) 
was mixed with Dye Reagent Concentrate (200 ^ il) and the mixture left to stand 
15 minutes at room temperature before reading the absorbance at 595nm. 
Protein amounts in column elutates during protein purification were 
monitored by measuring the absorbance at 280nm using a UV-6 absorbance 
detector (ISCO). 
2.8 Determination of optimum pH for enzyme assays 
The following buffers were used to determine the optimum p H for 
activities of the various enzymes tested in crude extracts or purified enzymes. 
There were citrate phosphate buffer (50 m M , pH 5.0 to 7.0), Tris-HCl buffer 
(O.lM, p H 7.0 to 9.0) and M O P S ^ a O H buffer (50 m M , p H 7.0 to 8.5). 
i 
2.9 Determination of optimum temperatures for enzyme assays i 
Enzyme activities of crude extracts or purified enzymes were measured in ^ 
i 
reaction mixtures described in section 2.6, which were incubated at different ’ 
temperatures from 30°C to 60。C at intervals of 5°C. 
2.10 Transfer experiments 
Fungal mycelia were grown in basal medium (100 ml) containing 
glucose/NH4H2PO4 (HCHN) in 1 litre Erlenmeyer flasks. After 6 days incubation 
at 32°C，the culture fluid was decanted and mycelia were washed with sterile 
distilled water in situ. Sterile basal medium (100 ml) containing various 
combinations of carbon sources (56 m M , H C ) and NH4H2PO4 (2.6 m M - N , LN) 
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was then transferred aseptically to the different flasks. Cultures were incubated 
statically at 32°C for 72 hours, the mycelia were then harvested, washed and 
stored at -20°C prior to use. The different carbon sources tested were glucose, 
acetate, pyruvate, a-ketoglutarate and citrate. Mycelia grown in 
glucose/NH4H2PO4 (HCHN) before and after transfer served as control. Extracts 
of the different mycelia were prepared as described in section 2.5 and activities of 
N A D - G D H and N A D P - G D H were assayed. 
2.11 Enzyme stabiUty 
To facilitate the purification and storage of N A D - G D H , preliminary 
experiments were undertake to determine the stability of the enzyme and the 
effects of various protective regents including P M S F (1 m M ) , glycerol (10%), 
D T T (2 m M ) and glutamate (5 m M ) added in different combinations. Aliquots of 
f' 
crude extract (0.5 ml) were stored at 4。C in Eppendoff tubes with different ！ 
；丨 
protective regents, enzyme activities were determined after 7 and 14 days. 
[ 
I 
Table 2.3 Different combinations of protective regents used in enzyme 
stability experiments. 
Combination~~1 2 3 4 5 6 7 8 9 Yo 
P M S F - - ™ - + + + : + + 
glycerol - - - + - - + + + + 
D T T - - + - - + - + + + 
glutamate - + - - - - - - - + 
(“-’，represents without adding this item; “+，，represents adding this item). 
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2.12 Purification ofNAD-dependent glutamate dehydrogenase 
2.12.1 Ammonium sulphate precipitation 
Solid ammonium sulphate (A. R.) was added gradually to 100 ml of crude 
extract prepared from mycelia grown on glucose/NH4H2PO4 (HCHN) until 50% 
saturation was attained. The mixture was stirred gently at 4。C during each addition 
of ammonium sulphate and, after all the salt was dissolved, the mixture was then 
stirred continuously for a flirther 45 minutes. The suspension was then centrifuged 
at 10,000 rpm for 10 minutes at 4。C. The precipitate was resuspended in extraction 
buffer (30 ml) and the sample was dialyzed overnight at 4。C against 4 litres of 
potassium phosphate buffer (10 m M , pH7.0, containing D T T (0.1 m M ) and P M S F 
(0.01 m M ) ) with one change ofbufFer. 
2.12.2 Ion exchange chromatography 
( 
Protein sample (30 ml) from the ammonium sulphate precipitation step was ‘ 
丨  
f 
applied to a column (2.6 x 40 cm, Pharmacia) containing DEAE-Sepharose CL- !/ 
I' 
6B (bed volume: 2.6 x 36 cm) pre-equilibrated with 10 bed volumes of potassium 
phosphate buffer (10 m M , pH7.5). The column was eluted with 200 ml of the same 
buffer to remove unbound proteins. N o enzyme activity was detected in this 
fraction which was subsequently discarded. When the A280 returned back to almost 
zero, a linear gradient ofNaCl from 0 to 0.5M in potassium phosphate buffer (10 
m M , pH7.5, 250 ml) was used to elute protein fractions binding to matrix. The 
flow rate was adjusted to 0.5 mUmin with a peristaltic pump P-1 (Pharmacia) and 
the A280 was measured with an UV-6 absorbance detector (ISCO). Fractions 




Pooled fractions from the ion exchange chromatography were concentrated 
by ultrafiltration (Millipore) using a membrane (Millipore) with a molecular weight 
cut-off of 30 kDal. The procedure was carried out under nitrogen to give a final 
retentate volume of approximately 5 ml. The concentrated sample was then 
desalted with potassium phosphate buffer (20 m M , pH7.0, 4 x 5 ml). 
Centrifugal concentrators (Amicon) were also used as disposable 
ultrafiltration devices for purifying, concentrating and desalting. Protein sample 
(about 15 ml) was placed into Centriprep-30 concentrators with a molecular 
weight cut-ofF of30 kDal. The concentrator was centrifliged at 3200 rpm for 2 x 
30 minutes and 1 x 5 minutes which resulted in a final concentrated sample volume 
of0.7ml. 
2.12.4 Gel filtration chromatography 
Concentrated protein sample (maximum volume 4 ml) was loaded onto a 
column (1.6 x 100 cm, Pharmacia) containing Sephacryl H R S300 (bed volume: 
1.6 X 90 cm) pre-equilibrated with two bed volumes potassium phosphate buffer 
(20 m M , pH7.0). The column was eluted with the same buffer (about 2 bed 
volumes) using a flow rate of 0.5 ml/min. Fractions (fraction size 2.5 ml) 
containing N A D - G D H activity were collected and pooled. 
2.12.5 Affinity chromatography 
Pooled fractions from the gel filtration chromatography step were applied 
to a column (1 x 10 cm, Pharmacia) packed with Reactive Green 19 agarose 
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(Sigma) dye-affinity matrix (3 ml) previously equilibrated with 10 bed volumes of 
potassium phosphate buffer (20 m M , pH7.5). The column was eluted with the 
same buffer (20 ml) at a flow rate of 0.2 ml/min until the A280 returned to zero. The 
unbound protein fractions were discarded. A linear gradient ofKCl from 0 to l M 
in potassium phosphate buffer (20 m M , pH7.5) was then applied and fractions 
(fraction size 1 ml) containing N A D - G D H activity were collected. All enzyme 
purification steps were carried out at 4°C. 
2.13 Electrophoresis 
2.13.1 SDS polyacrylamide gel electrophoresis 
SDS polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 
the Mini-PROTEAN II electrophoresis cell assembly (Bio-Rad). Separating gel 
(10%) and stacking gel (4%) containing SDS (0.1%, w/v) were adopted. Protein 
samples were mixed with 5 x normal strength sample buffer to give a final sample 
volume of 10-24 i^l. Sample buffer consisted of Tris-HCl (62.5 m M , pH6.8), 
glycerol (10%, v/v), SDS (2%, w/v), 2-mercaptoethanol (0.05%, v/v), 
bromophenol blue (0.00125%, w/v) and H2O. After loading, the gel was run at 50 
volts for 30 minutes and then run at 150 volts for 45 minutes with electrode buffer 
(Tris base (1.5%, w/v), glycine (7.2%, w/v) and SDS (0.5%, w/v), pH8.3). 
2.13.2 Native polyacrylamide geI electrophoresis 
Native polyacrylamide gel electrophoresis (native-PAGE) was carried out 
to study nondenatured and nondepolymerized protein profiles. Separating gel (5%, 
1 m m thickness) and stacking gel (4%) were freshly cast. Protein samples (up to 29 
i^l) were mixed with 10 x normal strength sample buffer, which consisted ofTris-
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HC1 (312.5 m M , pH6.8), glycerol (50%, v/v), bromophenol blue (0.05%, w/v) and 
H2O. Protein samples were adjusted within the range of 0.1-2 t^g. The running 
buffer (pH8.8) contained Tris (25 mM), glycine (192 m M ) and H2O. 
Electrophoresis was performed at 50 volts for 30 minutes for samples migrating 
through stacking gel, and was continued at constant current (2 m A for 1 plate) for 
about 45 minutes until the dye indicator migrated to within 1 to 5 m m of the 
bottom of the gel slab. All steps were performed at 4°C. 
2.13.3 Activity staining for NAD-dependent glutamate dehydrogenase 
Activity staining o f N A D - G D H (Wendel & Weeden, 1989) was carried out 
by immersing the native polyacrylamide gel in staining solution (see below), and 
incubating at 37。C in shaking water bath until purple bands appeared. The gel was 
then rinsed with distilled water and air-dried. Staining solution (50 ml) consisted 
of: 
Tris-HCl buffer (O.lM, pH8.3) 47.6 ml 
L-glutamate (monosodium salt) 200 mg 
N A D (30 m g M ) 1 ml 
N B T (10 mgAnl, dissolved in 70% D M F ) 1 ml 
P M S (5 mg/ml) 0.4 ml 
2.13.4 Protein staining 
Silver staining was used to stain gels after SDS-PAGE and native-PAGE. 
The gels were first fixed in ethanol (30%, v/v)/acetic acid (10%, v/v) for 3 x lhour 
and then washed with distilled water for 3 x 10 minutes. The gels were then 
immersed in AgNO3 (0.1%, w/v) for 30 minutes and washed with distilled water 
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for 10-20 seconds. Protein bands appeared when developer solution QMa2CO3, 
1.5%, w/v; H C H O , 0.02%, w/v) was applied. Acetic acid (10%) was used to stop 
the developing progress. Reducer solution (Sigma) was added to reduce the 
background colour. M e r staining, the gels were washed with distilled water and 
air-dried. 
2.14 NAD-dependent glutamate dehydrogenase characterisation studies 
2.14.1 Effect of substrate concentration 
The effects of different substrate concentrations on N A D - G D H activity 
were studied on partially purified enzyme in standard enzyme assay. The different 
concentrations of the various substrates were: a-ketoglutarate: 1，1.67, 2.5, 3.33, 
5 and 6.67 m M ; NH4Cl: 12.5，20，25, 37.5，50 and 75 m M ; N A D H : 0.125, 0.166， 
0.2, 0.25, 0.375 and 0.5 m M . 
2.14.2 Molecular weight determination 
2.14.2.1Molecular weight determination by gel filtration chromatography 
The molecular weight of proteins was determined by using gel filtration 
chromatography. Gel filtration molecular weight markers (MW-GF-70 KIT, 
Sigma) included blue dextran (2 mg/ml, 2 ml, 2,000 kDal.), thyroglobulin, bovine 
(2 mg/ml, 669 kDal.), apoferritin, horse spleen (8 mg/ml, 443 kDal.), P-amylase, 
sweet potato (1 mgAnl，200 kDal.), alcohol dehydrogenase, yeast (2 mg/ml, 150 
kDal.) and albumin, bovine serum (4 mgAnl, 66 kDal.). The void volume (Vo) of 
the gel filtration column was based on the elution of blue dextran in potassium 
phosphate buffer (20 m M , pH8.0). Markers (except blue dextran) were combined 
together and eluted under the same elution conditions as N A D - G D H and their 
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elution volumes (Ve) were measured. Molecular weights were calculated using a 
calibration curve prepared by plotting the logarithms of the known protein markers 
versus their VeAVo ratios. 
2.14.2.2Molecular weight determination by native-PAGE 
Protein samples and nondenatured protein molecular weight markers (MW-
ND-500 KIT, Sigma) were electrophoresed on a set of gels of various separating 
gel concentrations (5%, 5.5%, 6 % and 6.5%) and their electrophoretic mobilities 
(Rf) measured. The percentage of gel concentration was plotted against 100 Log 
(RfX 100) and then the slopes, i.e. retardation coefficients (KR), were calculated. 
The logarithm ofnegative KR versus the logarithm of the molecular weight of each 
protein standard was used to prepare a standard curve for determining the 
molecular weight ofNAD-GDH. 
2.14.3 Protein subunit molecular weight determination by SDS-PAGE 
After activity staining of native P A G E gels, the correlated bands in 
unstained gels were cut out and immersed in extraction buffer (SDS-PAGE 
electrode buffer/5 x sample buffer, 4:1, 0.1 ml) at 37。C over night. Extracted 
protein was subjected to SDS-PAGE and the molecular weight of N A D - G D H 




3.1 EfTect of different nitrogen sources on the mycelial growth of V. volvacea 
in submerged culture 
Figure 3.1 and Table 3.1 show the amounts of mycelial biomass (dry 
weight) of V. volvacea produced on different nitrogen sources when glucose was 
used as the carbon source. Good growth was observed with urea and the amino 
acids alanine, arginine，asparagine, aspartate and glutamate as a nitrogen source. 
Glutamine, allantoin, potassium nitrite and uric acid also gave relative good yields. 
Poor growth was observed when NH4H2PO4, glucosamine, glycine, phenylalanine 
or proline served as sole nitrogen source. Virtually no growth was detected in 
cultures supplemented with cysteine, and biomass production in cultures 
supplemented with thymine was lower than controls. 
The relatively poor growth on NH4H2PO4 may be due to the decrease in 
p H which occurred in these cultures (Table 3.1). The final pH fell to pH 3.2 
whereas highest biomass yields were observed only when the final pH was higher 
than pH 4.0. Better mycelial growth on NH4H2PO4 was obtained in later 
experiments by increasing the concentrations of KH2PO4 and K2HPO4 by 3-fold, 
thereby increasing the buffering capacity of the basal medium, and by raising the 
initial pH to pH6.5. 
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Figure 3.1 Mycelial biomass of V. volvacea produced in submerged culture 
with different nitrogen sources. M values represent the mean biomass produced 
from tripUcate cultures and error bars represent the standard deviation. Cultures (50 
ml in 250 ml flasks) were incubated without shaking at 32°C for 6 days. 
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Table 3.1 Mycelial biomass and the final pH of submerged culture of K 
volvacea grown on various nitrogen sources. 
Nitrogen source Mycelial dry weight* (mg) Final pH* 
""(^ oiS^ oT^ TSi^ iiFiiSrog^ i^y i&.4±i91 5.：3士0.3 
NH4H2PO4 6 4 . 1 ± 3 . 0 2 3 . 2士 0 . 1 
K N O s 94.5士11.7 6.2士0.1 
alanine 161士9.31 4.2±0.1 
allantoin 101士26.6 3.9±0.2 
aiginine 159士 36.2 4.3 ± 0.9 
asparagine 171土18.4 5.3 ± 0.2 
aspartate 192士41.4 6.1±0.8 
glucosamine 42.9 士 6.47 4.9 士 0.3 
glutamate 177士24.3 4.9±0.3 
glutamine 119士31.5 4.9±0.1 
glycine 63.0±10.0 4.1士0.1 
phenylalanine 52.8士3.71 2.9土0.0 
proline 33.5士1.42 5.0士0.1 
thymine 26.9±2.81 5.4士0.0 
urea 187士19.4 6.7士0.5 
uric acid 89.4士23.5 6.1 士0.1 
*A11 values are mean 士 standard deviation of triplicate measurements. 
Cultures (50 ml in 250 ml flasks) were incubated without shaking at 32°C for 6 
days. 
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3.2 Optimum assay conditions for NAD-dependent glutamate dehydrogenase 
Figure 3.2 shows the effect of pH on N A D - G D H activity in crude extracts 
ofmycelia grown under H C H N conditions with glucose and NH4H2PO4. Relatively 
high rates of enzyme activity were observed within the pH range from 8 to 9 and 
the optimum pH was pH8.3. 
N A D - G D H was active over the free range of temperature tested (i.e. 30-
65。C). Highest enzyme activity was observed at 55°C. Rapid denaturation of the 
enzyme occurred in the reaction mixtures maintained at 60°C and above (Figure 
3.3). 
Figure 3.4 shows the relationship between activity of N A D - G D H and 
protein concentration. The rate of N A D H oxidation remained linear when protein 
concentration was lower than 0.06 mg/ml. 
The effect oftime on the rate o f N A D - G D H activity is shown in Figure 3.5. 
The time course was initially linear but the rate of N A D H oxidation began to 
decline after 4 minutes. Enzyme activities throughout this study were based on 
measurements o f N A D H oxidation observed within the linear range. 
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Figure 3.2 Effect of pH on NAD-GDH activity in crude extracts. Crude extract 
(from mycelia grown on glucose/NH4H2PO4 (HCHN) at 32°C for 6 days) was 
assayed at 37。C in reaction mixtures adjusted to different p H values with 0. l M Tris-
HCl buffer. The value shown represents an average of duplicate measurements. 
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Figure 3.3 Effect of temperature on NAD-GDH activity in crude extracts. Crude 
extract (from mycelia grown on glucose/NH4H2PO4 (HCHN) at 32°C for 6 days) was 
assayed in O.lM Tris-HCl buffer (pH8.3) at different temperatures. The value shown 
represents an average of duplicate measurements. 
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Figure 3.4 NAD-GDH activity versus protein concentration. Different 
concentrations of enzyme were studied in assay mixtures containing Tris-HCl buffer 
(O.lM, pH8.3) and substrates as described in section 2.6.1. Assay temperature 二 55。C. 
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Figure 3.5 Time course of NAD-GDH assay. Enzyme activity was measured at 
55。C in 0. l M Tris-HCl buffer, pH8.3. 
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3.3 Optimum assay conditions for NADP-dependent glutamate 
dehydrogenase 
Figure 3.6 shows the effect of p H on N A D P - G D H activity in crude 
extracts of mycelia grown under H C L N conditions with glucose and NH4H2PO4. 
N A D P - G D H functioned more effectively at a lower pH compared to N A D - G D H . 
Virtually no enzyme activity was detected at pH6, and the optimum p H was 
pH7.5. 
Figure 3.7 shows the effect of different temperatures on N A D P - G D H 
activity in crude extract and highest enzyme activity was observed at 45°C. 
The initial velocity of the reaction catalyzed by N A D P - G D H was 
proportional to the concentration of the enzyme when protein concentration was 
lower than 0.06 mgAnl (Figure 3.8). 
The effect oftime on the activity o f N A D P - G D H is shown in Figure 3.9. 
The rate of N A D P H oxidization increased linearly with time during the first 7 
minutes of assay when enzyme concentration was 0.05 mgAnl. Enzyme activities 
throughout this study were based on measurements o f N A D P H oxidation observed 
within the linear range. 
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Figure 3.6 Effect of pH on NADP-GDH activity in crude extracts. Crude extract 
(from mycelia grown on glucosemH4H2PO4 (HCLN) at 32。C for 6 days) was assayed 
at 45。C in reaction mixtures adjusted to different pH values with either 5 0 m M citrate 
phosphate (pH 5.0-7.0) or O.lM Tris-HCl buffers (pH7.0-9.0). The value shown 
represents an average of duplicate measurements. 
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Figure 3.7 Effect oftemperature on NADP-GDH activity in crude extracts. Crude 
enzyme (from mycelia grown on glucose/NH4H2PO4 (HCLN) at 32。C for 6 days) was 
assayed in O.lM Tris-HCl buffer (pH7.5) at different temperatures. The value shown 
represents an average of duplicate measurements. 
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Figure 3.8 NADP-GDH activity versus protein concentration. Different protein 
concentrations were studied at 45°C in assay mixtures containing Tris-HCl buffer 
(O.lM, pH7.5) and substrates as described in section 2.6.2. 
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Figure 3.9 Timecourse of NADP-GDH assay. Enzyme activity was measured at 
45°C in O.lM Tris-HCl bufFer, pH7.5. 
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3.4 Optimum assay conditions for NAD-dependent isocitrate dehydrogenase 
Relatively higher activities of NAD-K)H were observed in a narrow pH 
range from pH 7.0 to 7.6 in crude extracts of mycelia grown on glucose and 
NH4H2PO4 (HCHN). N o enzyme activity was detected at pH8.5 and pH5.5. The 
optimum p H for measuring enzyme activity was p H 7.5 (Figure 3.10). 
The effect of temperature on NAD-IDH activity is shown in Figure 3.11. 
N A D - I D H was active over a relatively wide range from 20°C to 55°C and highest 
enzyme activity was observed at 40°C. Enzyme activity decreased rapidly at 
temperatures above 55°C and no enzyme activity was detected at 60°C. 
The reaction rate was proportional to protein concentration when the 
protein concentration was lower than 0.35 mgy'ml (Figure 3.12). 
The rate o f N A D H formation increased linearly with time during the first 
five minutes of assay (Figure 3.13). Enzyme activities throughout this study are 
based on measurements o f N A D H formation observed within the linear range. 
NADP-dependent isocitrate dehydrogenase could not be detected when 
N A D P replaced N A D in the reaction mixture (Komberg et al., 1951). 
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Figure 3.10 Effect of pH on NAD-D)H activity in crude extracts. Crude extract 
(from mycelia grown on glucose/NH4H2PO4 (HCHN) at 32。C for 6 days) was assayed 
at 40°C in reaction mixtures adjusted to different pH values with either 5 0 m M citrate 
phosphate (pH 5.0-7.0) or 5 0 m M M O P S / N a O H buffer (pH 7.0-8.5). 
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Figure 3.11 Effect of temperature on NAD-H)H activity in crude extracts. Crude 
extract (from mycelia grown on glucoseMH4H2PO4 (HCHN) at 32。C for 6 days) was 
assayed in 5 0 m M M O P S / N a O H buffer (pH7.5) at different temperatures. 
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Figure 3.12 NAD-D)H activity versus protein concentration. Different 
protein concentrations were studied in assay mixtures containing M O P S / N a O H 
(0.05M, pH7.5) and substrates as described in section 2.6.3. The value shown 
represents an average of duplicate measurements. Assay temperature = 40°C . 
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Figure 3.13 Time course of NAD-n>H assay. Enzyme activity was measured 
at 40°C in 5 0 m M M O P S / N a O H buffer, pH7.5. 
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3.5 Optimum assay conditions for isocitrate lyase 
The effect of different p H values on the activity of isocitrate lyase was 
performed with crude extract from mycelia grown on acetate/NH4H2PO4 (HCHN). 
N o enzyme activity was detected at pH6.5 and highest enzyme activity was 
observed at pH7.3 (Figure 3.14). 
Figure 3.15 shows the effect of different temperatures on isocitrate lyase 
activity. Optimum temperature for isocitrate lyase activity was 45°C. 
The effect ofprotein concentration on the isocitrate lyase activity is shown 
in Figure 3.16. The reaction rate was proportional to protein concentration over 
the range 0-0.2 mgAnL 
The effect of time on the isocitrate lyase activity is shown in Figure 3.17. 
The rate of P O N E formation increased linearly with time during the first 4 
minutes of assay. All assays were carried out under optimum conditions and 
activities were calculated from rates observed within the linear range. 
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Figure 3.14 EfFect of p H on isocitrate lyase activity in crude extracts. Crude 
extract (from mycelia grov.a on acetateMH4H2PO4 C^CHN) at 32。C for 6 days) 
was assayed at 45。C in i eaction mixtures adjusted to different p H values with 
5 0 m M M O P S / N a O H buffer. 
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Figure 3.15 EfTect of temperature on isocitrate lyase activity in crude extracts. 
Crude extract (from mycelia grown on acetate/NH4H2PO4 (HCHN) at 32。C for 6 
days) was assayed in 5 0 m M M O P S / N a O H buffer (pH7.3) at different temperatures. 
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Figure 3.16 Isocitrate lyase activity versus protein concentration. 
Different protein concentrations were studied at 4 5 X in assay mixtures 
containing M O P S / N a O H buffer (0.05M, pH7.3) and substrates as 
described in section 2.6.4. 
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Figure 3.17 Time course of isocitrate lyase assay. Enzyme activity was 
measured at 45。C in 5 0 m M MOPS/NaOH buffer, pH7.3. 
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3.6 Biomass production and enzyme activities in extracts of vegetative 
mycelia grown with different nitrogen and carbon sources provided at 
different concentrations 
3.6.1 Mycelia growth under different conditions 
Table 3.2 shows fungal biomass production in cultures supplemented with 
different carbon and nitrogen sources at different concentrations. Both glucose and 
acetate were utilized by V. volvacea although glucose was a better carbon source 
for mycelial growth. Under H C H N conditions, biomass production on glucose was 
6.5, 5.0, 4.3, 7.0 and 3.4-fold higher compared with acetate when nitrogen was 
supplied as NH4H2PO4, glutamate, glutamine, urea and alanine, respectively. All 
five selected nitrogen sources gave good biomass yields under H C H N conditions. 
I 
When glucose served as carbon source, mycelial production was highest with : 
glutamate and lowest (about 80% of the value obtained with glutamate) with 
glutamine and urea. When acetate was the carbon source, biomass yields were . 
.} 
highest with alanine and lowest with urea (about 44% of the value obtained with ] 
alanine). Lower biomass production under LCLN, L C H N and H C L N conditions 
confirmed that the lower levels of carbon and nitrogen supplementation were 
restricting mycelial growth. 
3.6.2 NAD- and NADP-dependent glutamate dehydrogenase activities in 
extracts of vegetative mycelia grown with different nitrogen and 
carbon sources provided at different concentrations 
N A D - and NADP-dependent glutamate dehydrogenase activities in extracts 
of vegetative mycelia grown on glucose with various nitrogen sources are shown in 
Table 3.3. Relatively high N A D - G D H activity was detected under all the growth 
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conditions tested regardless of the carbon or nitrogen sources and concentrations 
used. 
Conversely, in extracts of mycelia grown with either glucose or acetate and 
any one of the nitrogen sources under LCLN, L C H N and H C H N conditions, 
N A D P - G D H activity was very low or virtually undetectable (Table 3.3 & Table 
3.4). However, under H C L N conditions with either glucose or acetate as carbon 
source, N A D P - G D H levels were between 2- and 30-fold higher compared with 
other conditions tested. When N A D P - G D H levels in mycelia grown with the same 
nitrogen source but with different carbon sources were compared, actual levels 
under H C L N conditions were higher when glucose was the carbon source 
compared with acetate (Table 3.5), although the difference was less when urea 
served as nitrogen source. However, differences in N A D - G D H levels in vegetative ( 
； 
mycelia grown under H C L N conditions with either glucose or acetate as sole 
carbon source did not exhibit any consistent pattern (Table 3.5). .； 
:i 
N A D - G D H activities were generally higher and more constant compared to | 
N A D P - G D H activities in extracts of mycelia grown under different growth 
conditions. Furthermore, N A D - G D H levels were generally higher when acetate 
served as carbon source. In mycelia grown on acetate with various nitrogen 
sources, N A D - G D H activities were lowest under the H C L N conditions which also 
exhibited N A D P - G D H levels. However, this pattern was not so evident when 
glucose replaced acetate. Mycelia grown on acetate exhibited higher N A D - G D H 
activities under H C H N conditions except when glutamate was the nitrogen source. 
Again, however, this pattem was not seen when glucose was the carbon source. 
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Table 3.2 Fungal biomass production on different carbon and nitrogen 
sources provided at different concentrations. 
Carbon source == glucose 
^^""““^^ogen source 
^""""^^^\^^^ NH4H2PO4 glutamate glutamine urea alanine 
C/N concentratiorT；;;；；^  
LCLN 71 88 i 1 1 82 80 
L C H N 73 104 179 81 78 
H C L N 383 390 445 399 474 
H C H N 704 789 625 636 708 
Carbon source 二 acetate ‘ 
^"•""^^^[^ogen source 
^ ^ " ^ " ^ \ ^ ^ NH4H2PO4 glutamate glutamine urea alanine 
CVN concentratiorT^;;^^  
LCLN i"9 50 24 31 32 ^ 
L C H N 18 54 40 30 37 
H C L N 123 152 115 10 162 
H C H N 108 157 146 91 206 
*Values are expressed in mg dry weight. 
Brief details of culture conditions: L C L N (5.6 mM-carbon source + 2.6 m M -
nitrogen), L C H N (5.6 mM-carbon source + 26 mM-nitrogen), H C L N (56 m M -
carbon source + 2.6 mM-nitrogen), H C H N (56 mM-carbon source + 26 m M -
nitrogen). Cultures (100 ml in lL flasks) were incubated without shaking at 32°C 
for 6 days. 
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^ ^ I e 3.3 Glutamate dehydrogenase activities in vegetative mycelia grown 
^ t f giaicose with different nitrogen sources. 
~~Nitrogen source condition NAD-GDH (U/mg) NADP-GDH (U/mg)"""  
LCLN OjTi'o'S 6^2i0"00  
NH4H2PO4 LCHN 0.36 士 ().()2 ND 
HCLN 0 . 2 7 i 0 . 1 3 0 .21±0.01 
HCHN 0.25 土 0.02 Trace 
LCLN 'o'3r±b^ 2 0r02i0'0i  
1 
glutamate LCHN 0 . 3 4 i 0 . 0 1 0 .01±0.00 ’ 
HCLN 0.22士 0.02 0.19 土0.02 
.i 
HCHN 0.31 ±0.01 0 . 0 3 i 0 . 0 1 
LCLN ^^五 土（i.05 M ) 
glutamine LCHN ().31土0.()7 Tracc 
HCLN ().21土（）.11 0.21士0.02 ； 
HCHN ().34土0.()1 Trace 丨 
LCLN .0:.2() 土 ():()2 0.07 士 0.¾ ‘ 
urea LCHN 0 . 3 1 土 0 . 0 6 Trace 
HCLN 0.21±0.06 0 .20±0.01 
HCHN 0.28土0.07 O.OliO.Ol 
LCLN 0'3Ti0^5 Trace 
alanine LCHN 0.27土0.03 Trace 
HCLN 0.22土 0.05 0.22 ±0.11 
HCHN 0.21士0.11 0.02土0.00 
NAD-GDH was measured in O.lM Tris-HCl buffer (pH8.3) at 5 5 � C and NADP-GDH was 
measured in O.lM Tris-HCl buffer (pH7.5) ai 45��C. All \ aliics arc mam 土 standard deviation of 
triplicate measurements. ND: Not detected. Tracc; < 0.01. 
Brief details of culture conditions: LCLN (5.6 niM-cnrbon sourcc + 2.6 inM-nitrogen), LCHN 
(5.6 mM-carbon source + 26 niM-nilrogcn). HCLN (56 niM-carboii source + 2.6 inM-nitrogen)， 
HCHN (56 mM-carbon source + 26 inM-nitrogen). Ciiliiires (100 ml in lL flasks) were incubated 
without shaking at 32°C for 6 days. 
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Table 3.4 Glutamate dehydrogenase activities in vegetative mycelia grown on 
acetate with different nitrogen sources. 
Nitrogen source condition NAD-GDH (U/mg) NADP-GDH (Uhng) 
.............................................................................................................. .. .......... .. ....... ...................................................................... 
LCLN 0.-+6 ± 0.04 Trace 
LCHN 0.52 ± 0 .02 0.0 I ± 0.00 
HCLN 0.23 ± () .()4 0.06 ± 0.0 I 
HCHN 0.59 ± () . ()~ 0.02 ± 0.00 
LCLN 0.36 ± O.()4 NO 
glutamate LCHN Trace 
HCLN 0.23 ± 0.04 0.06 ± 0.02 
HCHN 0.24 ± 0.04 0.01 ± 0.00 
LCLN 0.49 ± 0.02 Trace 
glutamine LCHN 0.53 ± O.l)! Trace 
HCLN 0.28 ± 0.05 0.03 ± 0.01 
HCHN 0.72 ± O. 1.5 0.01 ± 0.00 
LCLN 0.26 ± () .o2 Trace 
urea LCHN NO 
HCLN 0.20 ± () . ().~ 0. 14 ± 0.04 
HCHN 0.49 ± O.()2 Trace 
LCLN o.]g ± () . ()X Trace 
alanine LCHN 0.34 ± 0.11 ND 
HCLN 0.26 ± 0.03 0.06 ± 0.00 
HCHN 0.42 ± 0.02 Trace 
NAD-GDH was measured in O.lM Tris-HCl buffer (pH8.3) at 55°C and NADP-GDH was 
measured in O.lM Tris-HCI buffer (pH7.5) at 45°C. All values are mean ± standard deviation of 
triplicate measurenlents. ND: Not detected. Trace: < 0.0 l. 
Brief details of culture conditions: LCLN (5 .6 IllM-c,lrbon source + 2.6 InM-nitrogen)~ LCHN 
(5.6 nlM-carbon source + 26 IlIM-nitrogen). HCLN C~() mivl-carbon source + 2.6 IliM-nitrogen), 
HCHN (56 mM-carbon source + 26 InM-nitrogcll) . Culturcs (100 1111 in 1 L nasks) were incubated 
without shaking at 32°C for 6 days. 
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Table 3.5 Ratio of GDH activities in mycelia grown on glucose compared to 
mycelia grown on acetate under HCLN conditions. 
Nitrogen source N A D - G D H activity ratio N A D P - G D H activity ratio 
(glucose/acetate) (glucose/acetate) 
NH4iSPO4 1T5 i50 
glutamate 0.96 3.37 
glutamine 0.73 6.48 
I 
urea 1.07 1.45 ‘ 
4 
alanine 0.84 3.56 
.( 
N A D - G D H was measured in O.lM Tris-HCl buffer (pH8.3) at 55。C and NADP-
G D H was measured in O.lM Tris-HCl buffer (pH7.5) at 45T. 
Cultures (100 ml in lL flasks) grown under H C L N conditions (56 mM-carbon 
source + 2.6 mM-nitrogen) were incubated without shaking at 32°C for 6 days. 
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I 
3.6.3 NAD-dependent isocitrate dehydrogenase and isocitrate lyase in 
vegetative mycelia grown with different nitrogen and carbon sources 
provided at different concentrations 
The levels of NAD-dependent isocitrate dehydrogenase in extracts of 
vegetative mycelia grown on glucose with various nitrogen sources are shown in 
Table 3.6. NAD-K)H was detected in all extracts with highest levels observed in 
mycelial extracts grown under H C L N conditions. Enzyme levels in HCLN-grown 
mycelia were 2- to 6-fold higher compared with levels detected in extracts of ！ 
mycelia grown under other conditions. Mycelia grown under limited glucose 
supplementation (LCLN and L C H N ) exhibited lower N A D - D 3 H activities. 
Furthermore, NAD-H)H activities in mycelia grown under H C conditions were 
') 
generally higher compared to enzyme levels detected in LC-grown mycelia. N o '、 
4 
NADP-dependent isocitrate dehydrogenase or isocitrate lyase activity was detected 
丨 
in any of the mycelial extracts tested. 
Enzyme patterns in mycelia grown on acetate and various nitrogen sources 
were quite different (Table 3.7). Both NAD-EDH and isocitrate lyase were 
detected under most conditions. As found for glucose-grown mycelia, NAD-EDH 
levels were highest in extracts of mycelia grown under H C L N conditions. Enzyme 
levels were also high in mycelia grown under H C H N conditions but were either 
low or undetectable under LC conditions. 
N o regular pattern was evident for isocitrate lyase, and the enzyme was not 
detected in extracts of mycelia produced on acetate under some conditions. Levels 
of isocitrate lyase were also generally lower than NAD-IDH in mycelia grown 
under the same conditions. 
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Table 3.6 Isocitrate dehydrogenase and isocitrate lyase activities in vegetative 
mycelia grown on glucose with different nitrogen sources. 
Nitrogen source condition NAD-IDH (U/mg) Isocitrate lyase (U/mg) 
LCLN 0"02 i0 '6 i ' NT)  
NH4H2PO4 LCHN ()’()3土().()(） ND 
HCLN 0.12士0.03 ND 
HCHN 0 . 0 5 i 0 . 0 1 ND 
LCLN 0 ' 0 3 i 0 ' 0 1 ND  
glutamate LCHN 0.03±0.01 ND 
HCLN 0.15士0.05 ND 
HCHN 0.08土0.01 ND 
LCLN ()'02i"0J)() ND 
glutamine LCHN ().03土0.01 ND 
HCLN 0.09 士 0.()2 ND 
HCHN ().():)士().()1 ND 
LCLN (.):ii4.r():.()i.. ND 
urea LCHN 0.04士0.01 ND 
HCLN 0.09土0.02 ND 
HCHN 0 . 0 5 i ( U ) l ND 
LCLN 0 ' 0 2 i ( ) ^ 0 i " ND 
alanine LCHN 0.02 ± 0.00 ND 
HCLN 0.08土0.01 ND 
HCHN 0.04 土 0.00 ND 
NAD-GDH was measured in O.lM Tris-HCl buffer (pH8.3) at 55°C and NADP-GDH was 
measured in O.lM Tris-HCl buffer (pH7.5) al 45T , All values arc incan 土 standard deviation of 
triplicate measurements. ND: Not detectcd. 
Brief details of culture conditions: LCLN (5.6 iiiM-cnrbon soiircc + 2.6 mM-nitrogen), LCHN 
(5.6 mM^:arbon source + 26 mM-nitrogen), HCLN (56 niM-carbon source + 2.6 inM-nitrogen), 
HCHN (56 mM-carbon source + 26 mM-nitrogen). Cultures (100 ml in lL flasks) were incubated 
without shaking at 32°C for 6 days. 
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Table 3.7 Isocitrate dehydrogenase and isocitrate lyase activities in vegetative 
mycelia grown on acetate with different nitrogen sources. 
Nitrogen source condition NAD-IDH (U/mg) Isocitrate lyase (U/mg) 
LCUN ND S 5  
NH4H2PO4 LCHN ND ND 
HCLN ().0川).01 ND 
HCHN (>.()6士（）.()(） 0.02士0.01 
LCLN 0.02 士（).()0 f r ace 
glutamate LCHN C) .02 ia01 0.01士0.01 
HCLN 0.1^^土0.02 0.03 i 0 . 0 0 
HCHN 0.06士0.01 ND 
LCLN 0 m T 6 ' . 0 0 f r ace  
glutamine LCHN 0.02±0.01 Trace 
HCLN 0.05土0.01 ND 
HCHN 0.05 士 0.00 Trace 
LCLN fn icc ND 
urea LCHN ND ND 
HCLN ().15土（).()2 0.06 ±0.01 
HCHN ().1()土 0.()2 0.04 士0.01 
LCLN 0^1土 0.00 0.01 土 iiii 
alanine LCHN Trace Trace 
HCLN 0.09 士 0.02 Trace 
HCHN 0.05± 0.02 0.04士0.01 
NAD-GDH was measured in O.lM Tris-HCl buffer (pH8.3) at 55°C and NADP-GDH was 
measured in O.lM Tris-HCl buffer (pH7.5) at 45''C. All values are mean 土 standard deviation of 
triplicate measurements. ND: Not detected. Tracc: < 0.01. 
Brief details of culture conditions: LCLN (5.6 inM-ciirbon sourcc + 2.6 inM-niirogen), LCHN 
(5.6 mM*carbon source + 26 inM-nitrogen). HCLN (56 mM-carbon sourcc + 2.6 mM-nitrogen)， 
HCHN (56 mM-carbon source + 26 inM-nitrogcn). Ciillurcs (100 ml in lL flasks) were incubated 
without shaking at 32°C for 6 days. 
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3.7 Transfer experiments 
3.7.1 Activities of glutamate dehydrogenases in extracts of mycelia 
transferred to media containing different carbon sources 
N A D - and N A D P - G D H levels were determined in extracts of mycelia 
grown on glucose/NH4H2PO4 (HCHN) for 6 days and used as control levels for the 
transfer experiments (Table 3.8). Activities of glutamate dehydrogenases in 
extracts of mycelia after transfer are shown in Table 3.8. Increases in the specific 
activity of N A D - G D H were observed following mycelial transfer to media 
containing pyruvate, citrate or acetate at H C concentrations and NH4H2PO4 at L N 
concentrations. However, no change was detected when glucose was replaced by 
a-ketoglutarate, and a decrease in specific activity was observed when NH4H2PO4 
concentration was reduced to L N levels. Transfer of mycelia to media of the same 
composition as the control resulted in a 6-fold decrease in N A D - G D H activity. 
The largest increases in the N A D P - G D H were observed in extracts of 
mycelia transferred to acetate/NH4H2PO4 (HCLN) and pyruvateMH4H2PO4 
(HCLN) (Table 3.8). 
3.7.2 Effect of different carbon sources on the glutamate dehydrogenases in 
submerged cultures. 
Of the carbon sources tested in Table 3.9, glucose was clearly the most 
effective for mycelial growth of V. volvacea. Pyruvate and acetate also gave 
reasonable yields ofbiomass. However, mycelial growth was poor when citrate or 
a-ketoglutarate was used as carbon source. N A D - G D H activity was highest in 
extracts of mycelia produced in cultures containing citrate or acetate. 
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Table 3.8 Activities of glutamate dehydrogenases in extracts of mycelia 
transferred to media containing difTereiit carbon sources. 
Condition N A D - G D H activity N A D P - G D H activity 
(U/mg) (U/mg) 
Glucose/NH4H2PO4(HCHN) 0.35 土 0.02 0.03 土 0.01 
(control, before transfer) 
After transfer 
Glucose/NH4H2PO4(HCHN) 0.06 土 0.05 0.03 土 0.01 
—<SiiiiG?i^SS^6:^tO?). aTsi'a'io o.o3 土 5.55 
m^ii5ai^^^i^:*^<S5?) 0^3i07l0 0.05 土 (i(^ 
•.¥“3^:涵远^5):.浜^55 o'59i'ai9 0.04 士 ^ i.^)i 
."Si^ S:;^SiS;Pcii:.(S i^D^) a56'i"o"i4 o.o3 士 (i(i)i 
〜a:]Eet"。gi。ta-rate/Siii^ -^(54 0.34 士 0.11 0.03 ± 0.00 
(HCLN) 
N A D - G D H was measured in O.lM Tris-HCl buffer (pH8.3) at 55。C and NADP-
G D H was measured in O.lM Tris-HCl buffer (pH7.5) at 45。C. All values are mean 
士 standard deviation of triplicate measurements. 
Mycelia grew on glucose/NH4H2PO4 under H C H N conditions (56 mM-carbon 
source + 26 mM-nitrogen) without shaking at 32°C for 6 days, then transferred to 
H C L N culture conditions (56 m M - carbon source + 2.6 mM-nitrogen) and 
incubated statically at 32°C for 72 hours. 
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Table 3.9 Effect of different carbon sources on NAD-GDH and NADP-GDH 
in extracts of mycelia grown in submerged culture under HCHN conditions. 
Carbon/Nitrogen N A D - G D H N A D P - G D H Biomass (mg) 
Source activity (U/mg) activity (U/mg) 
GlucoseMH4H2PO4 0.35士 0.02 0.03 i0.01 654 
Acetate/NH4H2PO4 0.59士 0.03 0.02士0.00 108 
Pyruvate/NH4H2PO4 0.43士0.01 0.02士0.00 174 
Citrate/NHaH2PO4 0.63 士 0.05 0.01 ± 0.00 19 
a-Ketoglutarate/NH4H2PO4 0.37土 0.06 0.02 土0.01 36 
N A D - G D H was measured in O.lM Tris-HCl buffer (pH8.3) at 55。C and NADP-
G D H was measured in O.lM Tris-HCl buffer (pH7.5) at 45X. All values are mean 
士 standard deviation of triplicate measurements. 
Cultures (100 ml in lL flasks) grown under H C H N conditions (56 mM-carbon 
source + 26 mM-nitrogen) were incubated without shaking at 32。C for 6 days. 
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3.8 Glutamate dehydrogenase activity in various parts of the fruit body 
during different stages of fruit body development 
The changes which occurred in the activities of N A D - and NADP-
dependent glutamate dehydrogenases in the volva, cap and stipe during fruit body 
development are shown in Figures 3.18，3.19 and 3.20，respectively. Both enzymes 
were detected during each sampling stage and exhibited different pattem changes 
according to which part of the fruit body structure was examined. 
Glutamate dehydrogenase activity in the volva (Figure 3.18) was relatively 
low compared to the cap and stipe. N A D - G D H activity remained constant 
(approximately 125 mU/mg protein) in the universal veil, and then declined to 
about halfthis value when the universal veil ruptured to form the volva at the egg 
stage. Conversely, N A D P - G D H activity remained at a relatively low level in the 
universal veil (between 10-45 mU/mg protein), and increased about 5-fold during 
the elongation and maturation stages when the volva formed and shrank. 
The cap was evident in the tiny button stage although it was very tiny. It 
enlarged in size and changed shape from the unopened to the opened form during 
cap development. Gills and basidiospores also developed along with fruit body 
maturation. N A D - G D H activity was highest (about 330 mU/mg protein) at the 
middle button stage and decreased progressively to a value of 46 mU/mg protein in 
the mature fruit body (Figure 3.19). N A D P - G D H levels werejust detectable at the 
middle button stage (about 10 mU/mg protiein), increasing to about 50 mU/mg 
protein at the big button stage. Levels then fluctuated between 35-70 mU/mg 
protein during the egg，elongation and mature stages. 
The stipe was first evident at the tiny button stage, and prominent changes 
occurred at the elongation stage when stipe height increased 2 to 3-fold. N A D -
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G D H activity in the stipe increased progressively along with stipe development 
^^igure 3.20), from about 160 mU/mg protein at the middle button stage to 354 
mU/mg protein at the mature fruit body stage. N A D P - G D H levels were low (about 
17 mU/mg protein) at the middle button stage and increased to almost 70 mU/mg 
protein at the big button and egg stage. Enzyme activity then rose sharply to 228 
mU/mg protein at the elongation stage when changes in stipe morphology were 
most evident. N A D P - G D H activity returned a lower level again (about 80 mU/mg 
protein) in the mature fruit body, especially when the basidiospores attained full 
maturity. 
It should be pointed out that some standard deviations present in Figures 
3.18, 3.19 and 3.20 were large, since sampling was depending on rough 
classification of fruit bodies at different developmental stages. Thus enlarging 
sample sizes is necessary for more certain conclusion. 
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Figure 3.18 Glutamate dehydrogenase activities in the volva during fruit body 
development. N A D - G D H was measured in O.lM Tris-HCl buffer (pH8.3) at 55。C and 
N A D P - G D H was measured in O.lM Tris-HCl buffer (pH7.5) at 45。C. All values are mean 
士 standard deviation of triplicate measurements. 
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Figure 3.19 Glutamate dehydrogenase activities in the cap during fruit body 
development. N A D - G D H was measured in O.lM Tris-HCl buffer (pH8.3) at 55。 
and N A D P - G D H was measured in O.lM Tris-HCl buffer (pH7.5) at 45°C. All 
values are mean 士 standard deviation of triplicate measurements. 
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Figure 3.20 Glutamate dehydrogenase activities in the stipe during fruit 
body development. N A D - G D H was measured in O.lM Tris-HCl buffer (pH8.3) 
at 55。C and N A D P - G D H was measured in O.lM Tris-HCl buffer (pH7.5) at 
45°C. All values are mean 士 standard deviation of triplicate measurements. 
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3.9 Stabilization of NAD-dependent glutamate dehydrogenase activity 
N A D - G D H activity was easily lost during storage and, as a prelude to 
enzyme purification, different combinations of protective regents were tested as 
potential stabilizing agents. The agents tested were: P M S F (a proteinase inhibitor), 
glycerol, D T T (protection of thiol groups) and glutamate. The activity of N A D -
G D H in freshly prepared crude extract was used as control (100% activity). N o 
N A D - G D H activity remained after 7days storage at 4°C in the absence of any 
protective reagent. When one protective reagent was used individually, only D T T 
had any stabilizing effect with approximately 25% of N A D - G D H activity 
remaining after 7days. However, the enzyme was completely inactivated after 14 
days (Figure 3.21). When various combinations of two kinds of potential 
stabilizing agents were tested, most N A D - G D H was retained after 14 days with 
DTTA^MSF. Incorporation of glycerol and glutamate resulted in even further 
stabilization. For enzyme purification, P M S F (0.1 mM), D T T (1 m M ) and glycerol 
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3.10Purif!cation of NAD-dependent glutamate dehydrogenase 
3.10.1 Ammonium sulphate precipitation 
About 80% of N A D - G D H activity was recovered in the fraction 
precipitating between 0-50% Q<lU4)2SO4 (Table 3.10). 
Table 3.10 NAD-GDH precipitation at different OVH4)2SO4 saturation levels. 
~~O^H4)2SO4 Protein Total Specific Total 
saturation concentration protein activity activity Yield 
( % ) (mg/ml) (mg) (U/mg) ( U ) ( % ) 
0.00—20.0 0.300 0.300 0.541 0.162 0.40 
20.1""45.0 1.37 24.7 1.31 32.4 81 
45.1—50.0 1.84 12.9 0.412 5.31 13 
50.1—60.0 1.47 22.1 0.00 0.00 0.0 
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3.10.2 Partial purification by column chromatography 
N A D - G D H was partially purified from other proteins by a combination of 
anion exchange chromatography, gel filtration chromatography and dye affinity 
chromatography. The results of a typical enzyme purification are summarized in 
Table3.11. 
Dialysed protein sample from ammonium sulphate precipitation step was 
applied to a DEAE-Sepharose CL-6B column and the bound enzyme eluted at a 
concentration of 0.17—0.23M NaCl (Figure 3.22). The active fractions were 
pooled and concentrated by ultrafiltration using a 30,000 dalton cut-off filter and 
the concentrated enzyme further separated using gel filtration chromatography 
(Sephacryl H R S300). The elution profile for N A D - G D H is shown in Figure 3.23; 
the enzyme was eluted as a wide protein peak at the elution volume between 94-
120ml. 
Dye affinity chromatography using a dye ligand which resembled 
nicotinamide adenine dinucleotide (NAD) was used to further purify N A D - G D H 
(Figure 3.24). Target enzyme bound to Reactive Greenl9 agarose and was eluted 
using a KC1 gradient (0-lM) with potassium phosphate buffer (10 m M , pH7.5). 
Most unbound impurities were removed in the wash fractions. Active fractions 
were eluted at a KC1 concentration of 0.25-0.63M. 
The combined procedures resulted in a 237-fold purification of the enzyme 
with a 16% retention of total activity. The partially purified N A D - G D H had a 
specific activity of99.6 U/mg protein. 
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Table 3.11 Partial purification o f N A D - G D H from V. volvacea. 
Protein Specific Total Purification 
Sample Volume concentration activity activity Yield factor 
(ml) (mg/ml) (U/mg) (U) (%) (fold) 
C m d e extract 45 2.1 0.42 39.9 100 1 
(0-50%) Cm4)2SO4 25 1.4 1.03 35.6 89 2.5 
precipitation 
DEAE-Sepharose 33 0.15 5.96 29.2 75 14 
CL-6B eluate 
Ultrafiltration 3.0 1.5 5.13 23.4 59 12 
Sephacryl H R S300 34 0.013 31.9 13.9 35 76 
eluate 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.10.3 Electrophoretic determination of the protein profiles of crude extract 
and partially purified samples 
Protein profiles of samples taken at different stages in the purification 
procedure were determined using native P A G E (6.5%) (Figure3.25). Considerable 
amounts of unwanted proteins were removed and 8 protein bands remained after 
the gel filtration step. The sample further purified by affinity chromatography 
contained 5 bands. Of these, the band which migrated slowest and had the highest 
molecular weight was shown by activity staining to be N A D - G D H (Figure 3.26). 
Activity staining of crude extract and samples from various purification 
steps revealed only one band with N A D - G D H activity. Thus, there appeared to be 
no isozymes o f N A D - G D H in V. volvacea. 
83 
Molecular weight 
Marker Fa Fg Fi CE 
Urease hexamer ( ' ^ ^ ¾ ^ ^ ^ ¾ ' ^ ^ t '"'^^^ -^^g|^ 
一蘭)=^;JP"HJ 
BSAdimer -^¾/、‘ ’ ^ ^ B ^ ^ B 
(13_ 一_‘：；《 調 圓 ,|^ ^^ ^^ K^j . .” ^^^^^H( 
、^^ ^^ H^ 
BSAmonomer ^ M i -：' ^ ^ H 
( _ z ® “ : : . . . . : : _ 
Albumin, chicken flH^-' ': ' B ^ l 
egg(45KD) ^ m _ 丨 ; ;工； . . : -； : . , L . ^ U 
i . _ _ ^ H 
Dye indicator ^ M H W H H W W — W i i i t — " ^ ^ — ^ 
Figure 3.25 Protein profiles of samples from different purification steps as 
revealed using native-PAGE (6.5% separating gel). Abbreviations: M，marker; 
Fa, sample after affinity chromatography step; Fg, sample after gel filtration 
chromatography step; Fi, sample after ion exchange chromatography step; CE, 
crude extract. ^ ^，NAD-GDH. 
84 
Molecular weight 
Marker Fa Fg Fi CE — 。 離 
5 ^ - - e r _ ^ • _ • ¥ — . • 〜 - _ 
Trimer (272 KD) " • B M , ‘ 
_ 
BSAdimer _ • M B T 、 
( 1 3 2 _ — i .：。。-
_ t ; 
B S A monomer ^ S H | 
(66KD) — H | B | ' ‘ ’ ” , 
Albumin, c h i c k e n ^ ^ | | ^ : 
egg (45 KD) ^ ^ n ： 
Dye indicator ~ ~ • ^ ^ ® R ^ ^ ^ ^ ^ ^ ^ * ^ ^ ^ ^ ^ ^ ® ^ ^ ^ ^ ^ ^ ^ -
,.>V/0'-'-^ ii^ lj^  :；;^>"'  b^''..; ；• '•：'"- “ :..:.,::. '.•：'- .:. .::，、:  ‘“ /••'• r-y.‘ .'::.:.,.. :.....":..:.:.: 
Figure 3.26 Activity staining of NAD-GDH in samples from different 
purification steps as revealed on native-PAGE (6.5% separating gel). 
Abbreviations: M，marker; Fa, sample after affinity chromatography step; Fg, 
sample after gel filtration chromatography step; Fi, sample after ion exchange 
chromatography step; CE, crude extract, 
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3.11 Characterization of partially purified NAD-dependent glutamate 
dehydrogenase from V. volvacea 
3.11.1 Optimum pH and temperature 
The effect of pH on the partially purified N A D - G D H activity is shown in 
Figure 3.27. N A D - G D H was active in the tested pH range from 6.5 tolO and the 
optimum p H for the reductive amination reaction was pH8.3. 
Figure 3.28 shows the effect of temperature on the activity of partially 
purified N A D - G D H . Highest enzyme activity under the condition of assay was 
recorded at 55°C. 
3.11.2 Kinetic parameters 
The dependence of the rate of N A D H oxidation catalyzed by N A D - G D H 
on the concentrations ofa-ketoglutarate, NH4Cl and N A D H was determined at pH 
8.3 and 55°C. Relationships between initial velocities and substrate concentrations 
obeyed Michaelis-Menten kinetics. Reciprocal plots (Figures 3.29, 3.30 and 3.31) 
showed apparent Km values of4.13, 56.9 and 0.29 m M for a-ketoglutarate, NH4Cl 
and N A D H respectively, and Kmax values of 46, 43 and 38 ^imol.min'\mg of 
protein'^  for a-ketoglutarate, NH4Cl and N A D H respectively. 
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60 n  H y \ 
, 4 0 / ^ 
| 3。 - Z 
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o 2 0 -s 'o <u 
CL, 
^ 1 0 - -.�� 
0 H 1 1 ' "• I 
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p H 
Figure 3.27 Effect of p H on the activity of partially purified N A D - G D H . 
Partially purified enzyme was assayed at 55。C in reaction mixtures adjusted to 
different pH with 0. lM Tris-HCl buffer. 
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Figure 3.28 EfTect of temperature on the activity of the partially purified NAD-
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Figure 3.29 Double reciprocal plot of NAD-GDH activity on a -
ketoglutarate. Vo represents reaction velocity, ^imolCNADH)/min; [S； 
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Figure 3.30 Double reciprocal plot of N A D - G D H activity on 
NH4Cl. Vo represents reaction velocity, M.molCNADH)/min; [S； 




1 / 20 - • Z 
15 - 4 / 
/ 
10 - / z 
X I 
, ^ i 9^——i i ‘ ‘ 
-5 -2 1 4 7 10 
l/[S] 
Figure 3.31 Double reciprocal plot of N A D - G D H activity on N A D H . Vo 
represents reaction velocity, ^molOSfADH)/min; [S] represents N A D H 
concentration, m M . 
91 ， 
3.11.3 Molecular weight 
3.11.3.1 Molecular weight determination by gel filtration 
chromatography 
The standard curve of gel filtration molecular weight markers is shown in 
Figure 3.32. The void volume ofblue dextran was 78 ml and a peak o f N A D - G D H 
activity in the eluate occurred at lOlml. The molecular weight o f N A D - G D H was 
calculated by gel filtration chromatography to be 562 kDal. 
3.11.3.2 Molecular weight determination by native PAGE 
Retardation coefficients (KR) of protein markers and N A D - G D H were 
determined according to the method described in section 2.14.2 and are shown in 
Figure 3.33. The Retardation coefficient of N A D - G D H was -20.2 and the 
molecular weight of the enzyme was calculated to be 605 kDal. using the 
calibration curve shown in Figure 3.34. 
3.11.3.3 Subunit molecular weight determination by SDS-PAGE 
The band corresponding to N A D - G D H (as determined by activity staining) 
was cut from a gel subjected to native-PAGE and electrophoresed using SDS-
PAGE. One protein band (Rf=0.284) was observed as shown in Figure 3.35. The 
molecular weight ofthe subunit o f N A D - G D H was estimated to be 58 kDal. 
According to the three methods described above, N A D - G D H is a 
polymeric enzyme with a molecular weight of 580 K D 士 20 K D , and it has ten 
homologous subunits of 58 kDal. molecular weight. 
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Figure 3.32 Calibration curve obtained with proteins from the M W - G F -
1000 Kit run on Sephacryl HRS300. Vo represents the elution volume of 
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Figure 3.33 Relative mobility (R )^ of protein markers in different gel 
concentrations. Protein sample and markers were electrophoresed on a 
set of gels of different concentrations. The slope of a plot which was 
caUed retardation coefficient Q^^ was determined. 
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Figure 3.35 Electrophoresis of NAD-GDH on SDS-PAGE (10% separating gel). 
Abbreviation: S，SDS-sample buffer treated sample of native N A D - G D H cut from a 
native P A G E gel. 
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DISCUSSION 
4.1 Nutrient nitrogen for the growth of Volvariella volvacea 
4.1.1 Mycelial growth on simple nitrogen compounds 
Although not all amino acids are suitable for mycelial growth of V. 
volvacea, highest biomass production was observed with aspartate, asparagine, 
glutamate, alanine and arginine. Urea, allantoin, potassium nitrate and other 
simple nitrogen compounds also supported mycelial growth. These results confirm 
the findings of Wang (1982) and Ofosu-Asiedu et al (1984). Ofosu-Asiedu and 
co-workers reported high mycelial biomass production on media containing urea, 
glutamate or asparagine, whereas Wang showed that asparagine and peptone were 
good nitrogen sources for V. volvacea. Pateman & Kinghom (1976) reported that 
phenylalanine is a relatively poor sole nitrogen source for fimgi and cysteine is 
toxic; V. volvacea grew very poorly on both of these compounds. 
As expected, inorganic nitrogen compounds were not as effective as amino 
acids in supporting mycelial growth. The relative poor growth seen with V. 
volvacea on NH4H2PO4, and acidification of the medium, was also reported for A. 
bisporus (Baars et cd., 1994) and Candida (Huth et aL, 1990). Morton & 
MacMillan (1954) suggested that a lowering of the pH of the medium was, in part, 
responsible for the low biomass. When ammonium salts were used as nitrogen 
source, the p H ofthe medium dropped rapidly and resulted in a cessation offungal 
growth. Growth yields were improved by increasing the buffering capacity of the 
basal medium. 
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4.1.2 Nutrient nitrogen in mushroom compost 
Only sparse information is available on the nitrogen sources present in 
mushroom compost used for the commercial cultivation of V. volvacea, but it is 
reasonable to expect that composting provides organic nitrogen (Kurtzman & 
Chang-Ho, 1982). Lignocellulosic materials such as paddy straw, which serve as 
substrates for the cultivation of V. volvacea are usually low in nitrogen content. 
However, cotton wastes always contain cotton seed residues with a high nitrogen 
content. Kurtzman & Chang-Ho (1982) reported about 1.4% nitrogen in cotton 
waste. This figure is considerably lower than the 2.6% nitrogen estimated in 
preliminary experiments on cotton waste conducted in this study (data not shown). 
However, this difference may be accounted for the different sources of cotton 
waste and heterogeneity of the different cotton waste sample. However, it can be 
postulated that degradative enzymes are produced by V. volvacea under cultivation 
conditions in order to utilize available organic nitrogen. 
Several studies have been undertaken to determine the effect of nitrogen 
supplementation on commercial yields of V. volvacea. Supplementation with rice 
bran, treated chicken manure, treated sewage sludge or soybean meal have given 
mixed results (Chang, 1979; Chang-Ho & Ho, 1979). hi practical terms, the 
objective is to seek the least expensive source of nitrogen without creating health 
hazards or other problems. 
4.2 Production and regulation of selected enzymes in vegetative mycelia 
4.2.1 Production and regulation of glutamate dehydrogenases 
The presence of both NAD-dependent and NADP-dependent glutamate 
dehydrogenases was demonstrated in V. volvacea and the activities of the 
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glutamate dehydrogenases were affected both by the type and concentration of the 
nitrogen sources used for growth. 
Under H C H N conditions, supplementation of growth media with different , 
nitrogen sources had no apparent effect on glutamate dehydrogenase activities in 
mycelia when glucose was used as carbon source (Table 3.3). This is in 
accordance with earlier findings showing that neither glutamate nor the 
ammonium ion appeared to regulate N A D - G D H or N A D P - G D H synthesis in C. 
lagopus (Fawole & Casselton, 1972). However, N A D P - G D H (and GS) activity 
was repressed in mycelia of A. hisporus grown on ammonium, but was 
derepressed (up to 10-fold) when glutamate replaced ammonium as the nitrogen 
source (Baars et al., 1995c). N A D - G D H activity is less influenced by nitrogen 
source (Baars et aL, 1995c). In P. ostreatus, N A D - G D H activity was markedly 
derepressed by ammonium and repressed by high concentrations of L-glutamate; 
no N A D P - G D H was detected (Mikes et al, 1994). Smith et al. (1975) reviewed 
the effect of different nitrogen sources on glutamate dehydrogenases from N. 
crassa, A. nidulans, A niger, F. oxysporum, C. cinereus and S. commune and 
found that N A D - G D H activity was derepressed by glutamate in most of these 
fimgi. These data indicate that nitrogen sources do affect the production of both 
glutamate dehydrogenases in fungi but apparently without any consistent pattern. 
Nutrient nitrogen concentrations were also found to affect the activities of 
glutamate dehydrogenases in f\mgi. Barratt (1963) investigated the effect of 
different nitrogen sources on the production of N A D P - G D H by N. crassa and 
reported that excess nitrogen caused N A D P - G D H repression. Dennen & 
Niederpruem (1967) claimed that the intracellular ammonium concentration 
repressed the synthesis ofthe N A D P - G D H in Schizophyllum. However, the work 
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of Fawole & Casselton (1972) with the monokaryon H9 and dikaryon H9 x TC of 
C. lagopus revealed that different concentrations of ammonium and glutamate 
affected N A D - G D H and N A D P - G D H activities in a very complex fashion and 
found no consistent correlation between intracellular ammonium- and amino-
nitrogen content and the expression of the two glutamate dehydrogenases. 
Experiments in which Piromyces sp. Strain E2 was grown on varying ammonium 
concentrations (0.5-15 m M ) clearly demonstrated that N A D P - G D H activity was 
derepressed at ammonium concentrations below 10 m M (Dijkerman et al., 1997). 
Similar effects of ammonium concentrations on N A D P - G D H activity were found 
in A. bisporus (Baars et aL, 1995c) and Stropharia semiglobata (Schwartz et aL, 
1991). In the case of all three fungi, N A D - G D H activity was less influenced by 
ammonium levels. Comparison of N A D P - G D H activity in V. volvacea mycelia 
grown under H C H N and H C L N conditions also indicate that N A D P - G D H is 
repressed at high ammonium concentrations and derepressed when ammonium 
levels are low. Similarly, N A D - G D H expression was less influenced. However, 
this correlation is not evident when enzyme activities in mycelia grown under 
L C H N and L C L N conditions are compared. It should be noted that nitrogen 
concentrations used by different workers may vary substantially and the higMow 
concentrations are not standard. 
The CfN ratios ofmedia had a marked effect on the expression ofNADP-
G D H activity in V. volvacea. N A D P - G D H levels were high in mycelia grown in 
media with higher C/N ratios, i.e. H C L N , compared to enzyme levels found in 
mycelia grown in media with lower C/N ratios, i.e. LCLN, L C H N and H C H N . 
This pattem was evident with all the selected nitrogen sources irrespective of 
whether glucose or acetate served as carbon source. Although there was little 
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discussion of C/N ratios in research with other fungi, consideration of this 
parameter may throw some light on the regulation of glutamate dehydrogenases. 
According to the C/N ratio concept, higher C/N ratios lead to the derepression of 
N A D P - G D H . This assertion is supported by experiments with A. bisporus where 
more extreme conditions applied. In A. bisporus mycelium starved for nitrogen 
(i.e. very high CfN ratio), the synthesis ofboth N A D - G D H and N A D P - G D H were 
derepressed while in carbon starved (i.e. very low CfN ratio) glutamate 
dehydrogenase activities were repressed (Baars et al., 1995c). 
Since high N A D P - G D H activities were associated with higher C/N ratios 
in V. volvacea, irrespective of which nitrogen source was used along with glucose 
or acetate, the phenomenon cannot be treated simply as derepression resulting 
only from low ammonium concentrations. 
The consequences of a high C7N ratio for mycelial growth include the 
initial utilization of the limited nitrogen available followed by an accumulation of 
metabolites derived from the carbon source. Some of these may be high molecular 
polymers such as polysaccharides which may account for the relative high 
mycelial biomass values for H C L N cultures. However, induction or derepression 
of N A D P - G D H activity may involve the accumulation of one or more low 
molecular weight intermediates of carbon metabolism which occurs when a high 
C/N ratio prevails. Under L C L N and L C H N conditions, i.e. a relative low C/N 
ratio condition, this (these) intermediate(s) do not accumulate because of low 
carbon concentration. Under H C H N conditions with relative low C/N ratio, 
carbon derived metabolites would still be produced in high quantities but may not 
accumulate due to combination with intermediate metabolites originating from the 
nitrogen source (e.g. a-ketoglutarate and ammonium). 
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Higher C/N ratios induce (derepress) N A D P - G D H synthesis in V. 
volvacea, This enzyme is normally assigned a biosynthetic function, i.e. amination 
of a-ketoglutarate to form glutamate. N A D - G D H is thought to serve a catabolic 
function, i.e. deamination of glutamate. However, N A D - G D H activity was 
generally lower in mycelia grown on media with a higher C/N ratio. The relatively 
constant and high activity of N A D - G D H in mycelia produced on media with 
different C/N ratios may indicate that N A D - G D H participates in ammonium 
assimilation in V. volvacea. 
Although the C/N ratio may be an important regulatory factor, the higher 
N A D P - G D H levels in glucose-grown mycelia compared to those detected in 
acetate-grown mycelia under H C L N conditions is also noteworthy. If 
intermediates in central carbon metabolism do play a role in the regulation of the 
N A D P - G D H , the higher N A D P - G D H activity in glucose-grown mycelia 
suggested that this (these) putative intermediate(s) are formed from glucose and 
not from acetate. Alternatively, a putative intermediate may only accumulate to 
the critical concentration required to depress N A D - G D H in glucose-grown media. 
a-Ketoglutarate was suggested as a possible repressor of N A D - G D H 
synthesis and inducer of N A D P - G D H synthesis in Neurospora (Tuveson et aL, 
1967; Casselton, 1969). Mycelia of C. lagopus (= C. cinereus) transferred into a-
ketoglutarate-ammonium medium exhibited a large decrease in N A D - G D H 
activity coupled with an increase in the activity of N A D P - G D H . This response 
was not seen in mycelia transferred to pyruvate-anmionium (Fawole & Casselton， 
1972). Subsequently, the regulation mechanism in C. cinereus was interpreted to 
involve N A D P - G D H induction by elevated intracellular levels of acetyl-CoA 
linked to low external levels ofammonium (Moore, 1981). The results oftransfer 
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experiment in V. volvacea (Table 3.8) do not allow any firm conclusions to be 
drawn. N A D P - G D H was not induced even in mycelia transferred to nitrogen-
limited or nitrogen-starved media (data of the latter experiments are not shown). 
However, The failure to detect N A D P - G D H induction following transfer to media 
containing a-ketoglutarate, pyruvate, citrate or isocitrate under H C L N conditions 
may possibly be due to hyphal impermeability to these compounds. 
It is proposed that the ammonium assimilation by vegetative mycelia of V. 
volvacea may be catalyzed by N A D - G D H , and that N A D P - G D H may serve the 
same fimction under conditions ofhigher C/N ratios. 
4.2.2 Production and regulation of isocitrate dehydrogenase and isocitrate 
lyase 
The absence of isocitrate lyase in vegetative mycelia of V. volvacea grown 
in glucose confirms that the glyoxylate cycle does not operate when the fungus is 
grown on this carbon source (Table 3.6). Isocitrate lyase synthesis in other fungi 
was also inhibited by the presence of glucose in the growth media (0'Connell & 
Paznokas, 1980). 
Li V. volvacea, the activity of NAD-E)H appeared to be regulated by the 
concentration of carbon in the growth media with higher NAD-IDH activity 
associated with high carbon concentration. As observed with N A D P - G D H , 
highest NAD-IDH levels were detected in mycelia grown under H C L N conditions. 
This concurrent regulation of NAD-IDH and N A D P - G D H is perhaps not 
unexpected since a-ketoglutarate, the product of the reaction catalyzed by N A D -
IDH, is the substrate for N A D P - G D H in glutamate formation. 
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It was also expected to find isocitrate lyase in extracts of mycelia grown 
on all media containing acetate as sole carbon source. However, the irregular 
presence and different levels of isocitrate lyase observed in such extracts suggest 
this enzyme is under complex regulation in V. volvacea. The limited amount of 
data make further interpretation difficult. Many factors may relate to the non-
detection of NAD-E)H or isocitrate lyase under some conditions. Ln C cinereus, 
regulation was found to occur at the level of transcription (Maconochie, et al., 
1993). 
4.3 Glutamate dehydrogenases and fruit body development 
Both N A D - & NADP_ dependent glutamate dehydrogenases were detected 
in the volva, cap and stipe of V. volvacea. The fruit body development of V. 
volvacea follows three events: the universal veil development then volva 
formation, stipe elongation and the cap development, and then final cap 
expansion. Variation in the activities of the glutamate dehydrogenases in each part 
of the fruit body appears to be associated with these three events. 
Marked increases in N A D P - G D H activity were detected in the volva 
during the transition ofthe universal veil to the volva. Furthermore, a marked high 
N A D P - G D H levels were observed in the stipe only at the elongation stage. Both 
observations support the involvement o f N A D P - G D H in sporophore development. 
Declining N A D - G D H activities were observed in the volva and cap which 
correlated with increasing levels of this enzyme in the stipe. These changes in 
N A D - G D H activity also indicate a link between enzyme activity and fruit body 
development. However, N A D P - G D H activity in the cap did not increase as 
observed in C. cinereus (Stewart & Moore, 1974). The derepression of NADP-
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G D H along with enzymes involved in ornithine metabolism resulted in the 
accumulation of urea and other metabolites for cap expansion in C. cinereus 
(Ewaze et al., 1978). It should be noted that the duration of fruit body 
development, especially the elongation and mature stages of V. volvacea (hours) is 
fax shorter than in C. cinererus (days). Also, the transfer of metabolites, formed 
during the development of the universal veil, to other parts of fruit body, i.e. the 
cap and stipe, is of importance in V. volvacea. 
Nitrogen metabolism is believed to be associated with flmgal 
morphogenesis. The relationship between fruit body development and nitrogen 
metabolism was studied extensively in C cinereus by Moore and his co-workers 
who have proposed that N A D P - G D H activity is linked to developmental 
phenomena in this fungus (Stewart & Moore, 1974). However, little difference in 
the levels o f N A D - G D H and N A D P - G D H was observed at the different stages of 
sporophore development ofA. bisporus (Baars et al., 1991). Different patterns of 
N A D P - G D H and N A D - G D H was observed in V. volvacea fruit bodies compared 
with those reported for C cinereus but ftuther studies are necessary before 
drawing any firm conclusions. 
4.4 Purification and characterization of NAD-dependent glutamate 
dehydrogenase 
4.4.1 Enzyme purification 
For purification of NAD-dependent glutamate dehydrogenase from V. 
volvacea, DEAE-Sepharose CL-6B anion ion exchange chromatography proved to 
be an effective purification step resulting in a 6-fold purification and about 80% 
recovery. Since N A D - G D H from V. volvacea is a large polymeric enzyme with 
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high molecular weight, gel filtration chromatography was expected to be an 
effective step for removing lower molecular weight proteins. Subsequently, 
Sephacryl H R S300 was used to purify N A D - G D H about 6-fold at 60% recovery. 
However, the gel filtration chromatography step did not achieve the expected 
separation because of relative poor resolution resulting in an overlap of N A D -
G D H with other proteins. Dye affinity chromatography has been widely used for 
isolating both N A D - G D H and N A D P - G D H (Watson et al., 1978; Pamula & 
Wheldrake, 1991; Anderson et aL, 1993; Kobayashi et al., 1995; Liokuchi et al., 
1997). Cibacron Blue F3G-A and Procion Red HE-3B are the two most commonly 
used dyes for purification purposes (Hudson & Daniel, 1993) and N A D P - G D H 
from A. bisporus was purified about 15-fold at 68% recovery using a Procion 
Green matrix (Baars et al., 1995e). Reactive Green 19 agarose was found to be the 
best dye affinity matrix for the purification of N A D - G D H from V. volvacea 
among a series of Cibacron Blue3G-A-agarose dye matrixes (data not shown). 
However, although dye affinity chromatography proved a useful step in enzyme 
purification, it has still not yet been possible to obtain a homogenous protein. 
Several problems were encountered in the purification work, the most 
difficult being poor enzyme stability. Concentration steps also led to large lossess 
of the target enzyme. Alternative approaches, such as using different pre-packed 
FPLC columns for ion exchange and gel filtration chromatography, may improve 
purification efficiency and yield the homogeneous enzyme. 
4.4.2 Enzyme stability 
N A D - G D H in V. volvacea is rather unstable and similar enzyme instability 
was reported for N A D - G D H from Achlya klebsiana (Yang & L^ohn，1994) and 
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A. bisporus (Baars et al., 1994). A. bisporus N A D - G D H activity was lost 
completely after storage overnight at 4°C (Baars et aL, 1994). The V. volvacea 
enzyme was still unstable during the purification, especially in the desalting and 
dialysis steps, even in the presence of stabilizing regents. This loss of activity may 
result from enzyme denaturation or dissociation into subunits. Smith et al (1975) 
suggested that N A D - G D H retained activity only in the fully polymerized form, 
and reported that this status occurred only at protein concentrations above 
O.lmgAnl. The marked loss of activity in the V. volvacea enzyme sample purified 
by affinity chromatography may be due, therefore, to the low enzyme 
concentration. Dialysis may also result in dissociation of the target enzyme due to 
a decrease in salt concentration. 
Yang & L^ohn (1994) found that purified enzyme could be stored frozen 
at -70°C in a solution consisting of 50% glycerol and 0.32M ammonium sulphate 
for at least 3 months with little loss of activity. KCl (0.4M) was also shown to 
provide good protection against enzyme inactivation. Thus the addition of salts 
(KCl or NaCl) and 50% of glycerol should be considered in later purification 
protocols. 
4.4.3 Enzyme properties 
The p H optimum of 8.3 for the reductive amination reaction of purified 
N A D - G D H from V. volvacea falls within the range of p H 7.6-9.1 reported for 
other organisms (Smith et al, 1975). It has been suggested that the reaction was 
dependent upon an enzyme functional group ionizing in the range pH 7-9 
(Anderson et al., 1993). The optimum temperature for amination activity in V. 
volvacea is 55°C which is higher than that reported in other flmgi. 
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Kinetic studies of the N A D - G D H from V. volvacea revealed some 
interesting features. The Km for a-ketoglutarate is similar to that reported for the 
N A D - G D H ' s from a variety of organisms, while the K ^ for NH4Cl is relatively 
high by comparison. This indicates a low affinity of V. volvacea N A D - G D H for 
ammonium. Km is an estimative value with a relatively high error, since the double 
reciprocal plot popularly used for determining KmS is actually associated with 
worse estimates of Km and Fmax because of the large range of distortions due to 
experimental error (Henderson, 1992). The data axe concentrated on the left side 
of the plot, since it is difficult to conduct experiments with low substrate 
concentrations. Partial denaturation of purified enzyme may also affect the kinetic 
study. 
Due to time limitations, only a preliminary study of the kinetic properties 
o f N A D - G D H was undertaken. A kinetic study o f N A D - G D H from Dictyostelium 
discoideum reported that A M P was essential for converting the non-activated form 
ofthe enzyme into the activated form (Pamula & Wheldrake, 1996). 
Using different assessment methods, the N A D - G D H of V. volvacea was 
determined to be a polymeric enzyme with a molecular weight of about 580, 000 士 
20,000 daltons, and containing ten homologous subunits (molecular weight about 
58000 daltons). Complete polymerization of the enzyme appeared to be important 
for the enzyme stability. 
108 
4.5 Future works: nitrogen metabolism and the growth of Volvariella 
volvacea 
This initial investigation of glutamate dehydrogenases raises many 
interesting questions, and further studies on these enzymes and other ammonia-
assimilating enzymes are indicated. 
Miller & Magasanik (1990) cloned the gene gdh2 which encodes for 
N A D - G D H in S. cerevisiae, and growth studies using a yeast strain in which a 
deletion-disruption allele ofgdh2 replaced the wild-type gene, indicate that N A D -
G D H catalyzed the major but not the sole pathway for the generation of ammonia 
from glutamate. 
It is too early to determine the physiological roles of both glutamate 
dehydrogenases in ammonium assimalation, since glutamine synthetase and 
glutamate synthase, the two other important ammonium-assimilating enzymes, 
need to be studied to build up an integrated picture of the ammonium assimilation 
system of V. volvacea. A n NMR-based investigation involving A. bisporus clearly 
indicated a distinct role for G S / G O G A T in nitrogen metabolism (Baars et al., 
1995d). G S and G O G A T were also examined in this work (data not shown). High 
G S transferase activity was found in crude extracts but no GS activity was 
detected using the spectrophotometric assay systems for the synthetic reaction. 
Other enzymes, such as glutamine amidotransferases, glutaminase (Meister, 1980) 
and y-glutamyl-transpeptidase (Orlowski & Meister, 1970) aj:e also capable of 
catalyzing y-glutamyUiydroxamate formation and this line of study was not 
pursued further. Thus, partial purified GS or more sensitive methods are necessary 
to measure the enzyme activity. 
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Li N. crassa, a "urea effect" was described which inferred that a substance 
produced from glutamate and ammonia through the Krebs-Hensileit urea cycle 
affected the activities ofNAD- & N A D P - G D H (Sanwal & Lata, 1962). Enzymes 
involved in ornithine metabolism were also related to sporophore morphogenesis 
in C. cinereus (Ewaze et al, 1978). Although experiments including urea as the 
nitrogen source for V. volvacea were not conclusive, urea and the urea cycle are 
important in nitrogen metabolism and may play a role in fruit body formation. 
Studies on the G A B A shunt, and representative enzymes of the pentose 
phosphate cycle, Embden-Meyerhof-Pamas pathway and T C A cycle, will give 
more information about carbon metabolism in V. volvacea, and their relevance to 
nitrogen metabolism, and expose possible relationships with sporophore 
development (Moore & Ewaze，1976). 
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